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ABSTRACT 


An investigation was made of the possible means of 
cell elongation during lens fiber formation during the 
process of Wolffian lens regeneration. The problem was 
approached from two different angles: drug disruption 
of specific organelles that might be involved in elonga- 
tion -— microtubules and microfilaments, and ultrastruc- 
tural observation of cells undergoing elongation to see 
if organelle orientation or cell contacts could be impli- 
cated in elongation. 

Results showed that regenerates treated with colc- 
hicine before or at the onset of cell elongation were in- 
hibited from beginning or furthering cell elongation. 
Parallel experiments showed that cells in which cellular 
elongation was inhibited seemed unable to synthesize lens 
SpeCiL ice PLOtLeins, the crystallins., Ultrastructural ob- 
servations showed that microtubules were absent from the 
cytoplasm of the colchicine treated celis. Further exper- 
iments which studied the appearance of cell surface markers 
at periods when colchicine inhibition was greatest showed 
that the appearance of these markers was also colchicine 
sensitive. 

The suggestion was made that microtubules seem to 


have an important role in the elongation and differentiation 
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of lens fibers in the lens regenerating system. Microtub- 
ules could possibly act in cell elongation by three mech- 
anisms: (a) forming a cytoskeleton which would support 

the changes in cell shape, (b) directionally transporting 
Materials, Or (c)mproviaing a, “push at the endsvot the 
cells. It was further hypothesized that microtubules may 
be involved in the appearance of cell surface groups which 
could affect cellular adhesiveness and thereby affect elon- 


qatlon. 
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INTRODUCTION 


Metaplasia has been defined as 'the replacement of 
one differentiated cell type by another' (Foulds 1969). 
Grobstein (1959) has pointed out that differentiation fun-~ 
damentally means increase in heterogeneity - thus in this 
light,metaplasia means the replacement of one type of het- 
erogeneity by a distinctively different heterogeneity. 
Grobstein (1959) ,has suggested that metaplasia may occur 
by two different methods. One method he refers to as cell- 
ular metaplasia; this entails dedifferentiation of cells 
followed by redifferentiation of the same cells along a 
different pathway; the second type of metaplasia is called 
tissue metaplasia, this occurs when already differentiated 
cells are rejected and replaced by a new type of cell gen- 
erated from undifferentiated basal cells, i.e. the differ- 
entiative route of the stem cells is changed. Because of 
current interest in cancer research and the redifferentia- 
tion that seems to take place in cancer cells, it is the 
hiret type of metaplasia, cellular metaplasia, that has 
come* to. the) forefrontwor current) research interests. 

This study deals with a system that shows cellular 
metaplasia in a 'controlled' sense. The term 'controlled' 
is used because in comparison to a cancerous system where 


metaplastically transformed cells do not seem to respond 
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tosethesconstraintswin, the organism that limit growth, this 
system is able to exert an influence over the products of 
transformation. The system is Wolffian lens regeneration 
in the urodele WNotophtalmus viritdescens viridescens, formerly 
called Triturus viridescens viridescens. Wolffian lens regener- 
ation involves the dedifferentiation of pigmented dorsal 
iris cells and the subsequent redifferentiation of the 
same cells into elongated lens fiber cells. In some man- 
ner not yet understood the absence of the lens stimulates 
the dorsal iris cells to commence division and depigmenta- 
tion. After two rounds of division the cells cease divid- 
ing, start to elongate and synthesize lens specific pro- 
teins, the crystallins (Yamada 1972). It is the elongation 
phase with which this study is concerned. Elongation in 
itself is an interesting phenomena to study because it is 
crucial in many developmental and morphological processes. 
In the regenerating lens system it is even more interesting 
to study because the relationship of elongation with the 
synthesis of tissue specific proteins can be approached ex- 
perimentally. Thus it would be possible to test if inter- 
ference with elongation affects the synthesis of tissue 
specific proteins or any other cellular functions. 

There are several theories that attempt to explain 
the mechanisms involved in changes in cell shape such as 
occur in cell elongation. Microtubules are often impli- 


cated in shape changes, especially those involving cell 
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elongation. Some investigators feel that microtubules are 
merely providing the skeletal frame of the cell; while 
others have suggested that these structures may be causal 
in elongation (a) by increasing in length and thereby 
CxemUiicmcmrocc Cu imino duboct lone Or elongarlong Ole D)mny 
channeling cytoplasm towards the direction of elongation. 
(See Literature Review for a comprehensive review of this 
work.) Microfilaments have also been suggested as causal 
agents in changes in cell shape. In most of the systems 
in which these structures have been studied they seem to 
function in a different manner than microtubules. Shape 
changes associated with microfilaments often occur rapidly 
and appear to be the result of a contractile process 
(Cloney 1966). In some systems localized bands of micro- 
filaments appear to act as a "purse-string" and their con- 
traction brings about a decrease in cross-sectional area 
at one of the ends of individual cells (Baker and Schroeder 
1967, Wessels et al 1971). Recent evidence indicates that 
some microfilaments can be decorated with heavy meromyosin; 
a property apparently exclusive to actin. These findings 
have suggested that the contractile properties associated 
with the microfilaments may be due to the presence of 
Acti (SPGOner Seeurm19/5, ocCilrocuer 19/3, pevecres et al 
1974, Woolley 1970, Pollard et al 1970, Nachmias et al 
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From studies on amphibian neurulation, Brown et 
al. (1941) have concluded that differential cell adhesions 
are responsible for cell elongation. More recently, 
Benedetti et al. (1974), studying elongating lens fibers 
by freeze etching have suggested that certain sites vis- 
ible in the freeze fractured surfaces may be responsible 
FOrEreClprocalerccogniton sOtetworcelimcurtacesnor foc 
specific cell-to-cell interlocking. Whether or not these 
sites have anything to do with elongation has not been dis- 
cussed. 

Piatigorsky et al, (19/25a,b,c)estudyingedeveloping 
chick lenshave shown that microtubules are most likely in- 
volved in elongation. On the other hand, Wrenn and Wessels 
(1969) have suggested that microfilaments are involved in 
elongation during lens fiber formation in the mouse. 

There are several ways to approach the question of 
what factors are responsible for fiber elongation in the 
lens regenerating system. The first approach is to look 
at the ultrastructure of the elongating cells in order to 
study the presence, distribution and orientation of cell 
organelles, in particular microtubules and microfilaments. 
A second approach is to use compounds that interact spe- 
cifically with either microtubules or microfilaments. The 
effect of these compounds on fiber differentiation can 
Chensbesstudied sw Although newtnersapproacheaneitse lf ican 


conclusively point out the mechanism responsible for 
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elongation, a combination of several methods can often 


lead to a more reasonable estimation of the events that 


are occurring at the cellular level. 


There were several questions that were investigated 


in’ this’ study: 


LA 


Are microtubules or microfilaments present in the lens 
regenerate during lens fiber formation, and if they 

are present what is their arrangement and orientation? 
If either of these organelles are present are they in- 
volved in lens fiber elongation? 

Does interference with cell elongation affect the 
acquisition of lens specific proteins, the crystallins? 
Zwann (1975) has suggested that in mutant mouse embryos 
where lens development ceases before elongation, no 
crystallins are formed. 

Does interference with cell elongation affect any 

other cellular events occurring during lens regenera- 
tion, for instance the appearance of certain cell sur- 
face markers? Work with polymorphonuclearleukocytes 
has shown that microtubules are possibly involved in 
cell surface insertion and translocation (Ukena and 
Berlin 1972). If fiber elongation is suppressed are 
these other events also affected? 


In order to answer the first question I used an 
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combination drug and ultrastructure study. Colchicine or 
vinblastine was used because both affect the microtubular 
system, while cytochalsin B was used because this compound 
interferes with microfilaments. Drug treatments in combin- 
ation with immunofluorescence and immunoelectrophoresis 
studies were used to answer question 3. Drug treatments 
combined with cell electrophoresis determinations were 


used to answer question 4. 
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REVIEW OF THE LITERATURE 


Wolffian Lens Regeneration 

In 1891, Colucci reported that certain amphibians 
of the genus Trtturus were able to regenerate a new lens 
from their dorsal iris when the original lens was removed. 
subsequently Wolff (1894, 1895, 1901, 1904), using larvae 
and adults of [rtturus taentatus and Triturus cristatus, redis- 
covered this phenomenon. This interesting type of regen- 
eration which represents cellular metaplasia, is now known 
as Wolffian lens regeneration. Since this early work many 
studies have been done on Wolffian lens regeneration, and 
they have been reviewed by several authors: Stone 1959, 
1965, Reyer 1954, 1962, Schieb 1964, and Yamada 1967. Un- 
like limb and tail regeneration which is widespread through- 
out the order Urodela, Wolffian lens regeneration is re- 
stricted to 14 species of newts belonging to the genus 
Triturus (Schieb 1964). Salanandra salamandra is the only spe- 
cies not belonging to Triturus in which Wolffian lens re- 
generation has been indisputably documented (Reyer and 
Stone 1955). 

Several properties make Wolffian lens regeneration 
a good system for studying the loss and acquisition of 
specific characteristics of cellular differentiation: 1l. 


The eye cup is a fairly isolated environment and this 
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enables one to transplant tissues from one animal to an- 
other and, to a certain extent, avoid the complication of 
the immune response; 2. One is able to control when the 
initial stimulus (lens removal) is given, thus allowing 
the investigator to induce cellular metaplasia at will; 
3. Unlike limb regeneration, where there is a great deal 
of controversy as to the origin of the cells forming the 
blastema, it is generally agreed that the cells forming 
the lens are derived from the iris. There are several 
types of experiments that have supported this assumption. 
Wachs (1914), Sato (1930), Mikami (1941), and Stone (1943, 
1952) have all done experiments grafting pieces of dorsal 
iris from one newt into the lentectomized eye of another 
and have observed that a new lens forms from the graft. 
The implications of these experiments were further 
strengthened by grafting iris from a regenerating species 
into the eyecup of a non-regenerating species and observ- 
ing lens formation from the implant (Ikeda 1934, Amano and 
Sato 1940, Reyer 1953, 1956). Tracing 34-thymidine lab- 
elled iris cells through subsequent stages of regeneration 
into lens cells is another method used to demonstrate that 
iris cells transform into lens (Eisenberg and Yamada 1965a,b, 
1966, Reyer 1966, Zalik and Scott 1971). 

By close histological observation of the regener- 
ating iris in Triturus taentatus and IT. pyrrogaster (Sato 1940), 


T. ertstatus (Zalokar 1944), 1. viridescens (Reyer 1948, 1950, 
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Stone and Steinitz 1953a, Yamada and Roesel 1964), investi- 
gators have been able to classify the events occurring dur- 
ing Wolffian lens regeneration into thirteen distinct 
stages. Yamada (1967) using electron microscope and light 
microscope data as well as other 'personal aaioweinee 
further characterized Sato's stages. (See Figure 1.) 

In reviewing the literature on Wolffian lens re- 
generation I will examine the questions that have been 
asked in this system and the experiments performed in at- 
tempts to answer these questions. Several basic questions 
can be asked about Wolffian lens regeneration. 1. What 
regions of the iris can produce a lens? 2. How does lens 
removal release the process of regeneration? 3. Can the 
dorsal iris regenerate when removed from the eye and iso- 
lated, if not, is there a specific factor present in the 
eye that allows regeneration to occur? 4. What events 
take place at a celiular level in the time interval between 
the removal of the old lens and the formation of a new 
lens? 

1. In vivo, in a normal regenerating system, lens 
formation is restricted to the margin of the dorsal iris; 
however, Stone (1954a, 1954b) has been able to produce 
lenses from other parts of the dorsal iris (never from the 
ventral) by producing an artificial secondary pupil using 
pliofilm or by rotating this tissue 180° and grafting she 


so that the ciliary margin becomes part of the free 
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Figure 1:* Yamada's Characterization of Sato*s 
Stages of Regeneration in friturus V viridescens 


Stage I (3-6 days,* Fig. 1). The interlaminar space is 
enlarged. In the nuclei of iris epithelial cells, the num- 
ber of invaginations of the nuclear envelope is reduced. 
‘Consequently, the shape of the nuclei approaches a sphere. 
Surrounding the pupillary margin, free amoeboid cells are 
observed which, according to Eguchi (1963), participate in 
the process of depigmentation in the following stages. 

Stage II (6-10 days, Fig. 1). Rounding-up of nuclei of 
iris epithelial cells continues. The pigment granules in 
the cells at the mid-dorsal margin are being reduced in 
number. A number of amoeboid cells begin to appear in the 
expanding interlaminar space, as well as surrounding the 
iris epithelium. Eguchi (1963) suggests that pigment 
granules of iris cells are removed by these amoeboid cells 
through their prominent pseudopodia. 

Stage If7 \(8-1l days, Fig. 1). Depigmentation of celis 
at the dorsal pupillary margin continues, giving rise to 
a group of almost completely depigmented cells in the in- 
ternal lamina and at the very margin of the mid-dorsal 
iris. Within the depigmented or depigmenting cells the 
number of free ribosomes is increasing, there is more 
rough-surfaced endoplasmic reticulum, and the ultrastruc- 
ture of the nucleoli is becoming more elaborate (Karasaki, 
1964; Eguchi, 1964). Many of the amoeboid cells are heav- 
ily loaded with pigment granules. 

Stage IV (9-15 days, Fig. 1). The layer of depigmented 
cells forms a vesicle (lens vesicle) at the mid-dorsal 
pupillary margin without losing its connection with the 
external and internal laminae of iris epithelium. The 
cavity of the vesicle is continuous with the interlaminar 
space of the iris. Often a small number of cells, appar- 
ently coming from the internal lamina of iris epithelium, 
is observed within the vesicle cavity in 7. viridescens. 

suage V (12-15) deys, Fig. 1). *The lens: vesicle #s en- 
larged by the addition of depigmented cells as well as by 
rapid cell multiplication of depigmented cells. The in- 
ternal layer (lower in figure) of the vesicle is thieken- 
ing. In some regenerates the proximal part (left in fig- 
ure) of the internal layer becomes irregular, apparemtly 
Owing tomaccumulation of a Large number of cells. At— 
though the external and internal layers of the lens wes- 
icle are continuous with the external and internal laminae 
of iris epithelium, the boundary between the depigmernted 
and pigmented areas is often indicated by a weak constric- 
tion, The cytoplasm of all vesicle cells shows a high 
density of free ribosomes and heavy basophilia sensitive 
to ribonuclease. 
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Stage Win (12-16 days, Fig. 1). ™ The central part of the 
internal layer has thickened by elongation of individual 
cells. At this stage these cells, which are going to form 
the primary lens fibers, lose the cytoplasmic basophilia. 
which was strong in stage IV. Mitoses are not observed nn 
this thickened part, but are frequent in all other depig- 
mented areas. From the lens vesicle proper, a short stalk- 
like portion is constricted, which is directly connected 
with the pigmented area. The stalk is composed of exter- 
nal and internal layers. Apparently, cells are flowing 
continuously from the pigmented area into the vesicle 
through the ‘stalk? 

Stage VIT (15-18 days, Fig. 1). A further thickening of 
the main part of the internal layer has led to a protrusion 
Ofmits: innenesurtace intosthe. cavity otethe vesrele (the 
frberehi! lock) sara biacellceine thts) thickenecanareamare, clone 
gated and irregularly arranged in approximately two cell 
layers. Most of the surface area of such primary fiber 
cells is in contact with surfaces of the neighboring pri- 
mary fiber cells, reducing the free surface to a minimum. 
The primary fiber cells begin to show acidophilia in their 
cytoplasm, after completely losing the cytoplasmic baso- 
philia of the preceding stages. By contrast, the cells in 
the external layer of the vesicle and those in the stalk 
retain strong cytoplasmic basophilia. 

Stage PiaClo— Lo edaye,urig. / Ll). Fur tnerwexpanstOnsofatne 
fiber cell mass reduced the central cavity of the lens ves- 
icle to a narrow slit. Between the elongated primary fiber 
cells and depigmented cuboidal cells there are a number of 
cells in the beginning phase of elongation; these are the 
first generation of the secondary fiber cells. 

Stage IX (18-20 days, Fig. 1). The whole external layer 
and the proximal part of the internal layer become flat- 
CenedwandVstartecrosencirc le themeibers cell body, swhichw:s 
therecasingwinesuze throughs growth om individual fiber 
cells and addition of new fiber cells from the periphery. 
Frequent mitotic figures are observed in the whole exter- 
nal layer, in the proximal part of the internal layer, 
andaan sehesstalk=region.) Elongation of the secondary 
fiber cells is occurring rapidly at the equatorial zone. 
The cytoplasmic acidophilia of these cells is increasing, 
but it is stronger in the primary fiber cells that con- 
StItLUte the cores (nucleus of*the! lens’ body) : 

Stage X (18-25 days, Fig. 1). In the whole external 
layer and in the proximal part of the internal layer; wthie 
cells are arranged more regularly in one cell layer. Now 
these layers can collectively be called the lens epithe- 
lium. The lens epithelium is applied to the fiber cell 
complex and is still connected through a stalk with the 
domsaisiris epithelium. .Elongating secondary fiber cells 
completely embrace the core of primary fiber cells. In 
the primary fiber cells, the nuctei are becoming less bas- 
ophilic and increasingly acidophilic. 


hing may. kno! s4is 


SlAagers s\ 21 —-20R Oday S mili 8) ee ONem Len Smt Sma TOW Li mird b— 
idly due to growth of secondary fiber cells and prolifer- 
ation in the lens epithelium. §The cells of thes first 
generation of secondary fibers are elongated and form a 
thick concentric layer surrounding the primary fiber core. 
The stalk disappears, and the new lens becomes an inde- 
pendent tissue. Due to loss of basophilia and acquisi- 
tion Of vacidophilia, theynucler on the primaryetibersmare 
very difficult £0 distinguish from the cytoplasm. 


* 
These drawing and descriptions were taken from Yamada 
(Loon ye 
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pupillary border. (See Figure 2 for a labelled diagram 
of the eye.) Using these methods he has also been able to 
map the capacity for lens regeneration in various regions 
of the dorsal iris. He has found that the potency for 
lens regeneration menteneer dorsally towards the ora ser- 
rata and disappears in the nasal and temporal regions 
Slightly above a line passing nasotemporally through the 
midpupillary space" (Stone 1954a). Recently Eguchi & 
Watanabe (1973) have been able to stimulate the ventral 
iris to form lentoids by using chemical carcinogens. 

2. There are five theories as to how the presence 
of a normal lens can block regeneration (Reyer 1962): 1. 
the lens exerts pressure on the iris and thereby inhibits 
its activation; 2. the lens and the suspensory ligament 
act as a barrier which prevent the diffusion of a stimulat- 
Inigeretinaleractor rom tiesneuraleretina to the itis; ss. 
the metabolism of the lens uses up the retinal factor which 
is then no longer available to activate the iris; 4. the 
lens secretes some substance which neutralizes the action 
of the retinal factor; 5. the lens secretes some factor 
which inhibits regeneration of another lens from the iris. 
Experimental evidence seems to point to a combination of 
theories 2, 3, and 4 or 5. Reyer (1961) showed that iris 
implants into the vitreous chamber with the host lens in 
position were able to form a lens; but, similar implants 


into the anterior chamber did not regenerate. This 
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Pigunema.: A Labelled Diagram 
of the Eye 


*This diagram was adapted from several 
diagrams in Davson (1962) 
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Suggests that the lens is acting as a barrier for a dif- 
fusible factor from the neural retina. Zalokar (1944)was able 
to inhibit lens regeneration by implanting kaolin into 
lentectomized eyes. Since kaolin was believed to act by 
absorbing the neural retinal secretion it was suggested 
thatetheslens may function sin assim taremanner by actively 
metabolizing its neural retinal secretion. Stone and 
Vultee (1949), using T. viridescens, injected aqueous humor 
from an eye containing a lens into a lentectomized eye. 
Lens regeneration was inhibited for up to three months. 
This experiment suggested the presence of some inhibitory 
factor (theory 4 or 5) secreted into the aqueous humor. 
However, Takano et al (1957), using 1. pyrroghaster, were 
not able to verify these results. In summary it appears 
that removal of the lens may release regeneration in that: 
a) the barrier keeping the retinal factor from reaching 
the iris is removed, b) the tissue which metabolizes the 
retinal, factor is) gone, c) the factor secreted by the 

lens to inhibit the retinal factor or to anhibitereqgenecra= 
tion is no longer present. 

3. Using anin vivo system, Stone (1958) has shown 
that regeneration can be inhibited or haaed by isolating 
the aes from the neural retina. Stone and Steinitz 
(1953a) have shown that if the neural retina is removed at 
the time of lentectomy, lens regeneration is inhibited un= 


til the neural retina has begun to regemerate. Reyer and 
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Withersty (1972) and Reyer et al (1973) were able to ob- 
tain lens regeneration from dorsal iris when it was im- 
planted into the blastema of a regenerating limb, but not 
if the blastema was denervated. These observations imply 
that a neural factor is probably essential to stimulate 
regeneration. Attempts were made to study lens regenera- 
tion in hypophysectomized animals. Stone and Steinitz 
(1953b) and Connelly et al (1973) found that hypophysec- 
tomy retards lens regeneration but does not completely 
a1 el Do Ca oe 

Early attempts to obtain lens regeneration from 
the dorsal iris alone in vitro (Zalokar 1944, Stone and 
Steinitz 1958, Eguchi 1967, Eisenberg-Zalik and Meza 1968, 
and Zalik and Scott 1969) were unsuccessful at obtaining 
final stages of lens regeneration from the dorsal iris. 
Eguchi (1967) was able to get lens regeneration if he in- 
cluded a piece of neural retina from lentectomized or non- 
lentectomized eyes. Yamada et al (1973) have been able 
to get lens formation in vitro by including a piece of ret- 
ina from frog larvae. Recent observations by Horstmann 
and Zalik (1974) and Eguchi et al (1974) indicate that 
cultures of iris cells are able to form lentoid-like areas 
even when no retinal factor is supplied. Moreover Eguchi 
et al (1974), using fluorescent antibodies, have observed 
lentoid-like areas which stain with antibodies against 


lens crystallins in cultures of ventral iris. 
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4. The cellular events occurring during lens re- 
generation have been studied by a number of investigators. 
A series of changes takes place inthenucleus and cyto- 
plasm of the iris cells as they are converted into lens 
cells. Eisenberg and Yamada (1965a and b ) and Reyer 
(1966) have analyzed DNA synthesis in 7. viridescens using 
autoradiographic techniques. They have found that DNA 
synthesis is activated around 5 days after lentectomy in 
both the dorsal and ventral iris. Incorporation of ie 
thymidine into cells, a measure of DNA synthesis, contin- 
ues, until stage IV (9 - 15 days) when a small group of 
cells ceases to synthesize DNA. The number of these 
cells increases with time and after Stage VI (12 - 16 
days) they begin to differentiate into primary lens fib- 
ers. Yamada and Roesel (1971) have shown that there are 
two peaks of mitosis occurring during regeneration - one 
ate / days and” onewaty lsgdaysepost—lentectomy . 

The earliest sign of regeneration is the onset of 
nuclear RNA synthesis, detected one day after lentectomy 
(Yamada and Karasaki 1963, Reese et al 1969). Ribosomal 
RNA synthesis increases between 2 - 10 days after lentec- 
tomy. At the same time there is an observable alteration 
in nucleolar ultrastructure indicating nucleolar activa- 
Prous harasan ee Vode DUMONT. 2 ema = 1070). Lhewceld then 
enters into the cell cycle (Eisenberg and Yamada 1965a 


and b) ,Eguchi 1964). As these changes are taking place the 
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cytoplasmic and nuclear volume of the pigmented iris cell 
increase until 6 - 8 days post lentectomy, then as differ- 
entiation occurs the cytoplasmic volume is greatly reduced 
while the nuclear volume remains constant (Dumont and 
Yamada 1972). The reduction in cytoplasmic volume has 
been called cytoplasmic shedding and Yamada (1971) has 
shown that incorporation of or cytidine into the nuclear 
RNA fraction is greatly enhanced after cytoplasmic shed- 
ding is completed. He suggests that: 

the cytoplasm contains a number of factors which 

exert specific repressive controls over nuclear 

synthetic activities and that cytoplasmic shed- 

ding removes such repression so that the cell 

can be reprogrammed in a new direction. 
As cytoplasmic shedding and depigmentation of the iris 
cells occurs, macrophages, which have invaded the iris, 
remove the cytoplasmic debris (Eguchi 1963, Karasaki 1964, 
Dumont and Yamada 1972, Yamada and Dumont 1972). 

Autoradiographic studies have shown that there is 

an increase in protein synthesis in the activated dorsal 
iris. This phenomenon occurs in two phases; in the first 
one which occurs between 2 and 8 days after lentectomy, 
activation of protein synthesis, can be detected in all 
cells of the dorsal iris. In the second phase, which 
occurs 16 to 25 days after lens removal, enhancement of 
protein synthesis is more pronounced and is localized in 


the elongating lens fiber cells. Immunofluorescence stud- 


ies (Ogawa 1963, Takata et al 1964) using antiserum 
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against total lens showed that a weak fluorescence is al- 
ready present in a few cells of the regenerate by Stage 

EV S008) days), =sUSing santiserum@speci fic for gamma 
crystallins Takata et al (1965, 1966) were able to de- 
tect ‘gamma “crystallins at Stage V (12-15 days): Yamada 
and Takata (1965) combined an autoradiographic and immuno- 
fluorescence study to show that no cell synthesizes de- 
tectable gamma crystallin until one day after it has 
passed through its final DNA synthesis period. 

Studies on the cell surface using cell electro- 
phoresis have also been done on regenerating iris cells 
(Zalik and Scott 1972, 1973). These studies have shown 
that there is a significant decrease in the cell surface 
charge between 10 and 15 days after lentectomy and that 
dedifferentiating cells lose neuraminidase and RNase sen- 
Sitive groups at the cell surface. The’ authors have “sug- 
gested that the loss of these groups may be an event in 
dedifferentiation that enables the cells to change their 
differentiative route. 

Onewo themfrirst ‘signs Of differentiation in 

Many cells is the development of asymmetric cell 
form. Examples would include the development of 
a cilium or a flagellum, or the elongation of a 
Celle Orepart Orewa celle such as occurs in the de= 
velopment of a muscle cell, nerve cell or lens 
cenbiewe Clune yeLoy 1) 

Extending this hypothesis te the Wolffian lens regenera- 


tion system, it would appear that the elongation of the 


depigmented iris cells is one of the first signs of 


wok: 


a 
ne 
A ee 


= 1 > ers 
F a oe 


amy 4 ab ah)- we pres fachedescrigs 
-so sperm’ Say'8 + bilafaerges pect: aot beenelae? —e 
nat Sia teenenye Clad oe Fass voulk at Yur 
nat oY apie Qetemalin Liat ae Thecing ee amianly! 
poster) abenttfeys Adtt Suny ome! squeal | $1 
veelectios heiee Cate ieee ii? op webksizs er 
pep Sate ek Tipo rey sane tated aure wrad akesiodg, - 
were sgn. Bolts ems ENED , RRS Jteud bas ALP 7 
eerie 'Lbea Std’ 2} aerial tidokeiwp2e 6 at esos sate | 
child Ban giwnosHtal sila RRB hits CAI: wvwwesod wort, 
tice asin Bas nv pine Oe waht athis danhpishenel Eom 4 
‘Moe aval = ibis ods crn = Be tiga ata 9d epee ovate 
ak, a in@ve'yhss oi die Heap bob aie ott tac ‘ninco 
idid sgneny od Gries ate es Litany: vie ngi se hte ee 


“id caipsea 4.30 30 _ 
| {ikee youle?)  .fiew. “4 


a 
*nallt rth tanasooet mt ita a 


bo wow akin eae 


daitierent vali onsintowlens {iberm cellsiw. The tarste primary 
Tens@itber cells istantytos elongate in« lates Stage TV) (9.— 
bepdava) monmcanlyectagcn Van 2) 1 5. day.s) Pandsat) aceat 
these stages that the first lens specific crystallins have 
been detected. Elongation in these cells is important for 
several reasons: 1) it appears to be necessary for the 
formation of the lens fiber cells and the synthesis of 
Coystanel in seGZwanne 697 5)t 2 ett es eansind1cation..of, the 
onset of redifferentiation. It would therefore be valu- 


able to know how these celis elongate. 


Microtubules 

Microtubules are the cell organelle most often 
Gited@as major icontnibutors; to® cell .elongation ») banly 
workers regularly observed microtubules in the mitotic 
apparatus (Mazia 1961), dendrites of neurons (Palay 1956), 
GHieg fand shbage lays (Roth 2957:" 1958).,.-sperm, taids. (Burgos 
and Fawcett 1955), axostyles (Grassé 1956) and even in 
the cytoplasm of some cells (Slautterback 1963). Along 
with the introduction of glutaraldehyde as a general pur- 
pose fixative (Sabatini et al. 1963) came the realization 
that microtubules were ubiguitous cell organelles. Since 
1963 microtubules have been implicated in many systems as 
being the causal or at least the supportive agents in 
cell elongation. Wessels (1971) has described how micro- 


tubules act as a skeleton in many systems from neuronal 
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axons to migrating cells from the embryonic heart. 
Burnside (1971) has suggested that in newt neurulation 
microtubules probably contribute to cell elongation by 
some form of cytoplasmic transport. In Xenopus neurula- 
tion, Karfunkel (1971) suggests that microtubules are 
probably only responsible for the maintenance of cell 
shape. Handel and Roth (1971) also concluded that micro- 
tubules contribute to the maintenance of cell shape in 
the chick neural tube. Daniels (1972) has shown that in- 
hibition of microtubule assembly halts the formation of 
Nervewribpers, wll neyeand worter= = (1967), Liiney (lLo00);, 
Kitching (1964), Tilney et al. (1966) and Roth and 
Shigenaka (1970) have all shown that microtubules are re- 
sponsible for the extension of the axoneme of the long 
rigid axopodia of the heliozoan Echtnoshaertum nucleofilun. 
Piatigorsky has reported that "de novo synthesis of protein, 
possibly microtubular protein" is responsible for contin- 
ued elongation of chick lens epithelial cells. Kuwabara 
(1968) has found microtubules in adult human lens cells 
and has suggested that they play a role in maintaining 
cell shape and rigidity. A study of the developing lens 
of squid has suggested to Arnold (1966) that "the presence 
of microtubules may be correlated with elongation, the 
movement of materials into the lens region or possibly 
with the secretion of lens material". Byers and Porter 


(1964) have observed the presence of microtubules in the 
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invaginating chick lens placode. Working in the same sys- 
tem Pearce and Zwann (1970) have concluded that microtub- 
ules are not necessary for the maintenance of cell shape 
once the elongate shape is reached. They came to this 
conclusion after treating the cells with colcemid and ob- 
serving that although the treatment caused the disappear- 
ance Of microtubules it did not in any manner alter the 
Shape of the previously elongated cells. This observation, 
however does not eliminate microtubules as causal factors 
ineios tral cel) elongation 

In addition to their suggested role in cell elon- 
‘gation, microtubules which have been found in other sys- 
tems have been assigned many diverse roles from that of 
"railroad tracks' for delivering products,to involvement 
in membrane insertion. Hepler and Newcombe (1964) found 
that microtubules are somehow involved in determining the 
place of- deposition and the orientation of the cell wall 
microfibrils in cells of Coleus undergoing secondary wall 
deposition. Goldman (1971) has suggested that microtub- 
ules play important roles in the determination of cell 
shape, the formation of major cell processes, and in cell 
Tocomotion of BHK 21 fibroblast—Jike cells. . Kessel (1966) 
studying spermiogenesis in the dragonfly has implied that 
the orientation of groups of microtubules in, association 
with the nucleus are responsible for elongation and pat- 


tern formation in the nucleus. MacGregor and Stebbings 
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(1970) have postulated an interesting role for microtub- 
ules in the telotrophic ovarioles of the 'backswimmer' 
Notonecta. They suggest that microtubules are responsible 
fore facilitating and directing the-“flow of ribosomes from 
trophocytes to oocytes via the trophic core and trophic 
tube by keeping these ‘regions open. “Hasskarl ef al (1973) 
have also postulated a guidance role for microtubules in 
tracheole migration in wing discs of Galleria mellonella. 
They have shown that microtubules are necessary for the 
tracheoles to migrate into the lacunae of the wing imaginal 
discs in culture. The plentiful occurrence, orientation 
and grouping of microtubules and microfilaments during 
scale morphogenesis in Ephesta Kichniella has suggested to 
Overton (1966) that the microtubules and microfilaments 
have an important role in that system as well. Observa- 
tions by Moran and Varela (1971) have implicated microtub- 
ules in sensory transduction in campaniform sensilla 
(mechanoreceptors associated with the cuticle) in cock- 
roach legs. Sanders and Zalik (1970) have shown that mic- 
rotubules are present during the separation of hypoblast 
cells from epiblast cells in pre-streak chick blastoderm. 
Granholm and Baker (1970) have related the presence of 
microtubules in the primitive streak to cell invagination 
leading to the formation of the mesoblast in the chick 
blastoderm. Goodman et al (1970) have shown. a possible 


relationship between cyclic AMP and neurotubules (the name 


cae da Rae ae Giutie 

bel lies ce wsryics ot 

(teak We se beeline eetypenenianen estes ine 08 
ch opeabaaoadli wath ohod daukhioe «Shoulder oath) 

ree ne TlaGaye ait “te re raagiat ode 

442 “xOY ekteines ea ZalndetessIm Ioat epeduiti wee) 

tik peat Ga ad Qe sengget 262 otns ateighe G2 nele 

citaofhehee A ee Le twhelg ¢% oswateo a 

peracciv BAe aiaL Pl tee “iiiadesosesie Zo “peadigsos et 

o® Maxeugins sart 44 byt, * aah 4 bt uWlesnectqven wy 

idegmbPneiia bat velydadive sae wus send {Hoe 1) CS 

ie Shee oo] xa pheeNe Ness bh ies dradyogenll nd 

-figee ob is esdh bene! tale (reas) afeseY aha wesc ya 5 


ee dee be ni éfdubuast! yreoewe ‘ol ook 

bony ht bSioltir on! nite hesuteogak @xO3Ge0G7 reer | 

i'M apa ape ie OCG) bias Bes axedbar® .apat <a 

268 Lrg 1S abides sho beta sasenst +15. aul sd: ; 

aft ding Saud ds ai messy “er Al Gilgo sconidisge ost often’ _ 

Py ae magi Wal ses wie (5765) tetas Doe «oda oc 
sath oigeeah bets o Sarria wetpbets <3 ott al sotwips: a 


jareni a) er aa Areabn ts, 
t: tine $a) aah es paused ad! ga 


26 


for microtubules in the nervous system) in synaptic trans- 
mission. There is evidence suggesting that microtubules 
may also be involved in membrane insertion and organiza- 
tion. Results of other investigators also suggest that 
microtubules may have a role in controlling the distribu- 
tion of adhesive components in cell surface and in the 
stabilization of antigenic determinants and other func- 
tional elements in hamster fibroblasts, (Waddell, Robson, 
and Edwards 1974). Others working with polymorphonuclear 
leukocytes have shown that microtubular integrity is 
essential for topographical reorganization of the cell 
surface after phagocytosis (Oliver, Ukena and Berlin 1974; 
Ukena and Berlin 1972). 

Microtubules seem to have many diverse yet impor- 
tant roles therefore it is important to review what is 
known about them biochemically and structurally. The 
structure of the microtubule and its subunits has been in- 
vestigated by several workers. The microtubule itself has 
a diameter of 225-250 A with a central core of 150 A. In 
cross-sections a microtubule appears as a cylinder whose 
wall is composed of 13-15 globular subunits. The subunits 
stack linearly and in longitudinal section the microtub- 
ule appears as if it is forming a beaded filament (Kiefer. 
et. alt 1966). The protein composing the subunit is called 
tubulin and various estimates of its weight have been made. 


Early estimates by Kiefer suggested a sedimentation 
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coefficient of about 2.5s whereas Shelanski and Taylor 
(1967) have suggested 6S. Weisenberg et al (1968) have 


found that tubulin normally exists as a dimer MW 120,000 


0 
S 20w 


verted to the monomer-MW 60,000. Recent evidence seems 


- 5.8S which in 6M guanidine hydrochloride is con- 


to indicate that there are two types of tubulin, called 
either tubulin A and B or tubulin 1 and 2; these categor- 
ies were established when it was found that tubulin mi- 
grated as two bands during gel electrophoresis. (Bibring 
and Baxandall 1971, Stephens 1970). It is still not known 
if tubulin exists as a homodimer or heterodimer in its 
native state. 

Microtubules are usually straight and may be sev- 
eral microns long; some investigators have noticed bridges 
between microtubules. Tilney (1971) has suggested that 
bridging of microtubules may be important in the formation 
of the axoneme in Radtophrys.McIntosh (1974) has observed 
bridging in the axostyle of Sacctnobaccilus and in the helix 
of tubules surrounding elongating spermatid nucleus and 
the flagellum of the sperm tail in chicken testis. Bhisey 
and Freed (1971) have found cross-bridges on the microtub- 
ules of cooled interphase HeLa cells. Friedman (1971) has 
reported arm-bearing microtubules associated with an un- 
usual desmosome-like junction in adult cricket tibias. 
Besides many other observations like the above, Behnke and 


Forer (1972) working on cranefly testis have shown that 
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microtubules can be transformed into a helical structure 
by vinblastine treatment. These observations seem to in- 
dicate that microtubules can have arms and that under dif- 
ferent circumstances microtubule protein can pack into 
polymeric forms different from that of the microtubule. 
Early work has suggested that there may be simil- 
arities between actin and tubulin. Mohri (1968) and 
Oosawa et al (1966) reported that there were similarities 
in amino acid sequence between actin and tubulin from dif- 
ferent sources. Similar molecular weights and electrophor- 
etic mobilities have also been demonstrated by several in- 
vestigators (Renaud ¢t al 1968, Stephens (1968a)). How- 
ever Stephens and Linck (1969) have shown that tubulin 
and actin from the same organism, Pecten trradians, had very 
few amino acid residues in common. Stephens (1968b) has 
also shown that although actin and tubulin bind a nucleo- 
tide, actin binds ADP, whereas neurotubular subunits bind 


GDP. Weisenberg et al (1968) have shown that the tubulin 


dimer binds two moles of GDP - one reversibly and one irre- 


versibly. Olmsted and Borisy (1973) have suggested that 
actin and tubulin have possibly evolved from a common an- 
cestral protein. 

Several metabolites can affect microtubular func- 
tion and structure. Cyclic AMP seems to affect functions 
which require intact microtubules. Ortiz @t a2 (1973) 


working on cultured iris epithelial cells have shown that 
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CAMP can cause shape changes in the cells possibly by 
affecting microtubular formation. Wolfe (1973) studying 
Tetrahymena has suggested that cAMP stabilizes microtubu- 
les in the same manner as D,0. Creighton and Trevithick 
(1974) studying cultured epithelial cells of 1 day old 

rat lens found that cAMP stimulated cell growth and elon- 
gation and accelerated the appearance of gamma crystallins. 
Gillespie (1971) working on rat spleen and liver has sug- 
gested that Ca may also be involved in microtubular 
assembly and she and others have summed up the relation- 


ship as follows: 


low cAMP, Ca*” bound or outside 
+ 
A Caen ; 
subunits 72+>>-> Microtubules 
ete eee 
high-cAMP 


According to her scheme cAMP can either stimulate or inhib- 
it microtubule association depending on its concentration. 
These results are interesting since Weisenberg (1972) has 
shown that Ca inhibits microtubular polymerization tn vittro. 
Microtubules have been shown to be unstable under 
conditions of cold (Tilney and Porter 1967), colchicine 
(Tilney 1968), cupric and nickelous ions (Roth and 
Shigenaka 1970}, and vinblastine (Marantz et al 1969) - 
contrasted to this is their marked stability in the pres- 
ence of D0 (Gross and Spindel 1960, Inoué and Bajer 1961) 


and hexylene glycol in vitro (Kirkpatrick 1969). Behnke and 
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Forer (1967) have shown in cranefly spermatids, rat sperm 
and rat tracheal cilia that microtubules can be classi- 
fied into four categories according to their reactions to 
varying temperature, colchicine, pepsin treatment and neg- 
ative staining at pH 7: cytoplasmic microtubules, acces- 
SOLYeconutes (Ot .9 et 2ecomplex) B tubuless (Of etne =o tee 
complex), and A tubules (of the 9 + 2 complex) (rat sperm 
and rat tracheal cilia contain only 9 + 2 tubules). 
Colchicine treatment or 0°C causes the disappearance of 
cytoplasmic microtubules. At 50°C cytoplasmic microtub- 
ules are the first to disappear followed by B tubules and 
finally by A tubules. Brief pepsin treatment causes the 
9 doublets to disappear. When negative staining at pH 7 
is used no cytoplasmic microtubules are present, central 
microtubules are infrequently observed , B tubules are 
fragmented and A tubules are intact. 

One of the problems with studying microtubules is 
determining exactly when they arise and their source with- 
in the cell. Besides their association with centrioles dur- 
ing mitosis, and basal bodies in cilia and flagella, mic- 
rotubules have been associated with centriolar satellites 
(deThé 1964, Robbins et al 1968), bodies free in the cyto- 
plasm (Bowers and Korn 1968), membrane associated bodies 
(Satir and Stuart 1965), portions of the nuclear envelope 
as in dividing yeast cells (Robinow and Marak 1966) the 


kinetochore (Brinkley and Nicklas 1968), the diffuse 
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density seen at the midbody in animal cells (Robins and 
Gonatas 1964), and in the phragmoplast of plant cells 
(Hepler and Jackson 1968). This type of observation has 
led some investigators (Porter 1966, Inoué and Sato 1967, 
Tilney 1968, Gibbons et al 1969) to suggest that the 

above mentioned structures may control microtubule distrib- 
ution by acting as a nucleating centre. Pickett-Heaps 
(1969) has suggested that microtubule organizing centres 
and not centrioles are responsible for the organization of 
the mitotic apparatus. He suggests that the centrioles are 
only responsible for flagella and cilia and that they just 
"go along for the ride" during mitosis. Went (1959) 

showed immunochemically that sea urchin eggs contain a 
precursor for the mitotic apparatus, therefore tubulin 
does not have to be synthesized de novo before it is organ- 
ized; this idea has also been suggested by Piatigorsky et al 
(1972b) in developing chick lens. Burgess and Northcote 
(1968) suggest from observations on mitosis in dividing 
plant cells (wheat root tips) that endoplasmic reticulum 
is responsible for transport of tubulin to sites of micro- 
tubular aggregation and disaggregation. A method of ob- 
serving microtubular initiation has been developed by 
Spendlove using mammalian cells (Spendlove et al 1964, 
Spendlove et al 1963 a and b, Spendlove 1970, Kohler and 
Spendlove 1974). They use reovirus which coats microtub- 


ules and tubulin in mammalian systems. Fluorescent 
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antibody against reovirus was used to show whether or not 
microtubular subunits are polymerized or unpolymerized. 

If microtubules are responsible for elongation how 
do they accomplish this process? It has already been sug- 
gested that they do so by some sort of cytoplasmic trans- 
DOGEE (Burnside r.o 7 eArno! del 966)>. oinouwes(1959)' @and =inoue 
and Sato (1967) have suggested that chromosome movement 
and cell shape changes are based on labile association of 
molecules controlled by organizing centres and other fac- 
tors. Stephens (1973) doing a thermodynamic analysis of 
dividing sea urchin eggs at different temperatures has 
shown that Inoué's postulate of first order polymerization 
and dissociation kinetics is the best way to describe 


mitotic spindle motions. 


Microfilaments 

Another cell component which has been implicated 
in cell shape changes is the microfilament. Since the in- 
tegrity of microfilaments is not dependent on glutaralde- 
hyde fixation as are microtubules, these structures have 
been observed since the advent of the electron microscope. 
In spite of this, very little work has been done on them 
untid@erecently~umMcNuttwetedl i(971)gihavesclassi fied athe 


present in 3T3 cells into two categories: 


* 


microfilaments 
1. alpha filaments, 60-80 A. These filaments which ap- 


pear as felt-like meshworks attach to the cytoplasmic 
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surface of the plasma membrane; 2. Beta filaments, 100 A r 
which run in loose fascicles,frequently surround organel- 
les such as the smooth endoplasmic reticulum and are par- 
ticularly prominent near the Golgi complex. The Soe 
have suggested that the alpha filaments resemble 70A 1s Bd le 
aments which are believed to have contractile properties 
in a number of cell types. Ishikawa et aZ (1969) have 
shown that heavy meromysin binds to actin filaments in the 
cytoplasm of many cells. These actin filaments are now 
thought to be the same as the microfilaments 50-70A ciel (6h 
ameter (Pollard and Weihing 1974). 

The development of the drug cytochalasin which dis- 
rupts the organization of microfilaments has greatly aided 
the study of these structures. Most studies using this 
drug have shown that microfilaments play a role in cell 
contractility: as contractile elements involved in cyto- 
plasmic streaming (Kamiya 1960), in inducing changes in 
cell shape which occur during invagination or evagination 
in embryogenesis, (Wrenn and Wessells 1970, Spooner and 
Wessellis11970) ini cell) locomotion (Spooner et at, 1971), 
in neurulation (Schroeder 1970, 1973, Karfunkel 1971). 
Wrenn & Wessells (1969) without using cytochalasin B have 
postulated a contractile role for microfilaments during 
lens invagination in the mouse. Cytochalasin B has also 
been shown to affect the uptake of glucose (Cohn et al 


1972). It was suggested that this was primarily by an 
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action on the cell membrane. Studies have also been made 
One cvererrectsor cycochalasin 8 on actin. “Cytochalasin s&s 
has been shown to induce the collapse of F-actin filaments 
(30-70 A ) and to decrease the intrinsic viscosity of F- 
actin (Spudich & Lin 1972). In these studies it is impor- 
tant to note that cytochalasin B does not affect microtub- 
ules amd that colchicine does not affect microfilaments, 
therefore the respective roles of each of these organelles 
in cell function can be elucidated in systems where both 
of these structures are present. Not all workers accept 
the hypothesis that cytochalasin B acts as a disruptive 
agent on microfilaments. Estensen, Rosenberg and Sheridan 
(1971) are just one group that have pointed out that the 
evidence for unequivocally accepting the relationship be- 
tween microfilaments, contractile processes and cytochal- 
asin B is open to criticism in several areas. 

Some workers have indicated that their findings 
suggest that microtubules and microfilaments work together 
in some form of co-operation. This is not a new idea since 
Many authors, mentioned previously in this review (Burnside 
1971, Karfunkel 1971 and Handel & Roth 1971) already men- 
tioned have discussed how an intact framework of microtub- 
ules is necessary before the contractile microfilaments 
can fumction. Yamada et al (1971) have been able to show 
a relationship between microtubules and microfilaments in 


nerve axon growth. They have shown by electron microscopy 
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that 40-60 A filaments have one end inserted in the plasma 


membrane and the other on the walls of the microtubules. 
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MATERIALS AND METHODS 


A. Lentectomy and Iridectomy of Newts 

Adult newts, Wotopthalmus virtdescens, formerly Triturus 
virtdescens) were supplied by Mr. Glen Gentry and Mr. Mike 
Tolley, Tennessee. They were stored at 8°C in aereated 
tanks. Prior to the desired operations the newts were 
anaethesized with MS 222 (Tricaine Methanesulfonate- Sandoz 
Pharmaceuticals, Hanover, N.J.) and were lentectomized 
after the method of Eisenberg and Yamada (1966). A hori- 
zontal incision was made through the cornea and the lens 
was extracted by exerting gentle pressure on the cornea. 
Following the operation the newts were kept at 22.5°C in 
Plastic containers filled with dechlorinated tap water. 
The newts were routinely fed once a week on Enchytraeus 
worms. 

After appropriate intervals the dorsal irises of 
the newts were removed according to the method of Eisenberg- 
Zalzkeand Scott (1969). The “ayes were placed for 2 hours 
in dechlorinated tap water containing several crystals of 
potassium permanganate and then anaethesized in MS 222. 
The following procedures were carried out in a sterilized 
culture hood. The original corneal incision was reopened 
with a sharp scalpel blade and extended to the lateral and 


median extremes of the eye. With the help of iris scissors 
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the incision was then extended upward and circumferent- 
ially along the upper margin of the eye until it joined 
the initial corneal incision. The iris and attached cor- 


néaswere placed in 0.118 M PO, buffer pH 7.4. The cornea 


4 
and any adhering vitreous material were then removed from 
the) 2rispwith, two, pairs of watchmaker forceps. The iris 

was trimmed with iridectomy scissors so that only the cen- 


tral region containing the regenerate remained. The iris 


was then ready to be cultured under appropriate conditions. 


B. » Culture’ Conditions 

All experiments were performed at 22.5°C. The 
trimmed irises were cultured for 24 hours in 50% v/v L-15 
(Leibovitz) medium (Grand Island Biological Company) dilu- 
ted with sterilized distilled water and containing 50 IU/ 
ml Penicillin-Streptomycin (Grand Island Biological Com- 
pany). This medium will be referred to as the control 
medium. In experiments designed to investigate the effect 
of certain drugs on regeneration, colchicine (Sigma Chemi- 
cal Company), vinblastine sulfate (Sigma) or Cytochalasin 
B (ICI Laboratories, Chesire, England) were dissolved in 
the culture medium. Lumicolchicine was prepared by ultra- 
Violet arradiation Of colchicine according to the method 
described by Wilson & Friedkin (1966). There were usually 
10-20 irises»per 5 mls .of mediumein-a 60 x.15 mm sterile 


plastic petri dish (Falcon Plastics). After 24 hours 
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incubation at room temperature, the irises were briefly 
rinsed in control medium and were then implanted into the 
eye of a freshly lentectomized newt, one iris implanted 
per eye. The host newts were then placed in plastic con- 
tainers containing moist tissue paper for 5 days. After 
this time the tissue paper was removed and the containers 
were filled with dechlorinated tap water. This incubation 
of the treated iris in a host lentectomized newt is here- 
ahberererenred tosasmianwivoyincubations§ At 0-25) dayseafter 
iris implantation, the host newts were anaesthesized, sac- 
rificed and either the iris implant or the whole eye was 
processed for either light microscopy, fluorescent antibody 


Staining or electron microscopy. 


i. Gperation Control 

Experiments were done in order to determine the 
GrfectsS Ole 77 vitro and wmevivo culture conditions on) the 
CONCLOle uplantedpirisess Vlrisessat.0, 927 25,0, 1707 Lo, 
and 20 days after lentectomy, were cultured for 24 hours 
in vitro in control medium and then were cultured a further 
15 days in vivo in the eye of a lentectomized newt. They 
were subsequently fixed and processed for light microscopy 


observations. 


2. Dose Response 
In order to determine the non-lethal yet effective 


dosages of drugs on the cultured and subsequently implanted 
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iris, studies were done using variable drug concentrations 
of colchicine and vinblastine. The effects were tested 
over a range of doses reported in the literature to have 


an effect on microtubules: 


Colchicine: 0.005 mg/5 ml medium - 2.5 x10 °° M 
OF OSmeeing/ Semi lee me Ga itige —" 260) Tome M 
1G ney AN askin SS aan ee en 
Ze MG / Semiemecd humus let ex 10> M 


Colchicine was used under dark conditions as much as pos- 
Sible in order to prevent its conversion to lumicolchicine 
The correct amount of colchicine was weighed in a 

petri dish to which 5 mls of control medium were subse- 
guently added. 


Vinblastine: 0.02 mg/5 ml medium - 4.4 x 10° m 


0-002 mg/S ml medium - 4.4 x 100’ M 


0.0002 mg/5 ml medium - 4.4 x 10° M 
A stock solution of vinblastine was prepared by adding 10 


mls of sterile distilled water to a sealed vial containing 


10 mg of vinblastine. 


3. Most Effective tn vivo Incubation Time 

The experiments were designed in order to deter- 
mine how long the irises had to be cultured in vivo before 
the drug effect was apparent and tor how long the effect 
remained apparent. For this study 15 day regenerate irises 
were cultured for 24 hours either in control medium or in 


medium containing 2.5 x Oe? M colchicine. . Control and 
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drug treated irises were then implanted into the host newt. 
At varying times after iris implantation, host newts were 
sacrificed, eyes were fixed and processed for histological 
observation. Host animals were sacrificed at 5, 10, 15, 


20, and 25 days after treated irises had been implanted. 


4. Most Sensitive Stage 

In order to determine the sensitivity of different 
regeneration stages to a particular drug treatment, irises 
at different regenerative stages were cultured in the pres- 
ence of the drugs mentioned previously. Since it is not 
possible to accurately stage the regenerates without his- 
tological examination of them the period between lentec- 
tomy and removal of the irises, in days, was used as a 
reference for this experiment, i.e. 15 day regenerates 
were removed ‘from newts 15 days after lentectomy. In one 
series of experiments, irises were removed 0, 2, 5, 6, 7, 
10, 15, and 20 days after lentectomy, were cultured for 24 


= M colchicine/5 ml 


hours in medium containing 2.5 x 10. 
medium, or control medium, and then cultured a further 15 
days tn vivo. The hosts were then sacrificed and the eye- 
balls containing the implant were prepared for light mic- 
roscopy. An additional experiment in this series was per- 
formed, in which seven day irises were left in the host for 
20 days. In other series of experiments, irises were re- 


moved 0, 2, 6, 10, and 15 days postlentectomy and were 


cultured for 24 hours in control medium or in medium 
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containing one of the following compounds: a) 5 pg/ml 
cytochalasin B, b) 5 yl/ml Dimethylsulfoxide (DMSO), a 


SC uVeIem@roLecy COC acti a5 ea) 4.4x10/ M Vinblastine 


SoU CoOLCcna cine 

In order to determine whether or not colchicine 
was affecting cellular processes not involving microtubu- 
lar assembly, lumicolchicine was tested on the system. 
Lumicolchicine was prepared according to the method of 
Wilson & Friedkin (1966) - colchicine was dissolved in 95% 
ethanol and then irradiated with ultraviolet light for 24 
hours. The conversion to lumicolchicine was judged to be 
complete when the absorbance of the solution changed from 
350 mu to 305 mu. Lumicolchicine was recovered from the 
solution by Angee ion of 95% of the solvent. Colchicine 
treated in this manner no longer exhibits anti-mitotic or 
microtubular disrupting properties. Fifteen day regener- 
ate irises were incubated for 24 hours in vitro in medium 
containing 7.5 mg/5 ml medium lumicolchicine and then for 


15 days in a host newt. 


D. Specimen Preparation 
De Light NLcCroscopysoLludiles 

The newts were decapitated and the heads were 
placed in Bouins' fixative. After a minimum of one day in 
the fixative the heads were placed in 70% alcohol for 24 


hours. Using a sharp scalpel and fine scissors the eyecups 
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containing the implanted irises were removed from the 
heads and placed in fresh 70% alcohol. The tissues were 
then dehydrated, placed in benzene and embedded in para- 
plast (Fisher Scientific). The blocks were then sectioned 
on a Spencer 820 microtome at 7 microns; sections were 


placed on glass slides and stained with Ehrlich's hemato- 


xylin-eosin. Initial observations were done blind . 


2. Electron Microscopy Examination 

Fifteen day regenerate irises cultured for 24 hours 
in control medium were removed from the culture medium and 
immediately fixed in 3% glutaraldehyde (LADD Research In- 


CUustiies ene Mi pO DuLter pi 7 +4)LOr 3 NOuLsS at Loom 


4 
temperature. The following schedule for electron micro- 
scopy fixation was then followed: 


rinse in .1M PO, buffer pH 7.4 for 5 minutes and then 
in fresh buffer “overnight 


posthix ine2%,0S0, (GADD Research Industries Inc.) in 
0.1M PO, DUGGher pie .4elLOL s—2en0Uulrs dL tool tempera cune 


wash 5 minutes in 0.1M PO, DULLeL PH 7.4 ate elOoOm temper— 
ature 


50% ethanol 10-15 minutes 

70% ethanol 10-15 minutes 

80% ethanol 10-15 minutes 

90% ethanol 10-15 minutes 

98.5% ethanol two 20 minute changes 
Propylene oxide two 15 minute changes 


1:1 Propylene oxide: Epon overnight uncovered 
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Embed in Epon: leave 1-2 hours at room temperature 
48 hours in an oven at 60°C 


THE EDONnwwassDrepanred asmLOollows: 4 mis of Solution Ay (80 
qmeHpoOneslZ +) Ol sqm DDSA)=+76 mls Solution™ B (100*°gm Epon 
OU2ea se OMGUeNMA) etO Lael wOMP—5 0.6 sAlleotache embedding 
chemicals were obtained from LADD Research Industries Inc. 

Sections of 500-800 A were made on a Sorval Porter- 
Blum MT II ultramicrotome using a diamond knife (E.I. 
Dupont de Nemours & Co. (Inc.)). The sections were picked 
up on 200 mesh copper grids (Athene type) (LADD Research 
Industries Inc.) and coated with 0.25% Formvar (LADD Re- 
search Industries Inc.). The grids were routinely stained 
with 2% uranyl acetate (LADD Research Industries Inc.) for 
1-2 hours and rinsed in four changes of distilled water. 
Uranyl acetate was prepared 1 day ahead as a 2% solution 
in distilled water. The sections were then stained with 
0.2% lead citrate (LADD Research Industries Inc.) for 2-5 
minutes washed in four rinses of distilled water for a 
EGtalwOLeLeMmMInitem vcnerrarst wash, contained 0.01) N NavH). 
Lead citrate was prepared by dissolving 0.2 grams of lead 
citrate in 100 mls of distilled water, 10N NaOH was added 
GrOpebyearopaeto tiecsstl cringe solution until allot she 
precipitate disappeared. 

Fifteen day regenerate irises cultured for 24 hours 
in medium containing 0.05 mg colchicine/5 mls of medium or 
0.02 mg vinblastine/5 ml medium were treated in a manner 


Similar to the controls. Some regenerates which had been 
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treated with colchicine were implanted in a host eye for 
three days and were then removed and processed as men- 

tioned previously. Adult newt lenses were also fixed and 
treated in a similar manner. All electron microscope ob- 


servations were made on a Philips 200 electron microscope. 


E. Fluorescent Antibody Studies 

After 15 days in vivo culture the corneal incision 
was reopened with a sharp scalpel and gentle pressure was 
applied to the anterior part of the eye in order to dis- 
lodge the iris implant, which was then carefully removed. 
The following procedure adapted from Sainte-Marie (1962) 
was then followed. The tissue was placed in 95% alcohol 
for 24 hours at 4°C, dehydrated with four 1 hour changes 
of absolute alcohol; this was followed by three changes 1l 
hour each of xylene. All of these procedures were carried 
out at 4°C. The tissues were then allowed to attain room 
temperature in the final xylene bath. They were passed 
through Loume snounmesbathsmoters! teredeparattin ac 56.Crand 
embedded in filtered paraffin. The blocks were stored at 
4°C and sectioned at 7 microns on a Spencer 820 microtome. 
The sections were placed on glass slides previously coated 
with Mayer's glycerin albumin (BDH). This treatment did 
not add any non-specific fluorescence to the samples. The 
slides were Storcdrace4C for not more than a week and 


fluorescent antibody staining was performed according to 
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Sainte-Marie (1962) as follows: 


Bigs 


Deparaffination: ‘Slides were deparaffinized in two 
changes of pre-cooled (to 4°C) xylene, 1 minute each. 
They were then passed through three 30 second changes 
of pre-cooled 95% ethanol and through three 1 minute 
changes of fresh pre-cooled staining buffer (0.118 


POMS but terepie co .4). 


4 
Fluorescent Antibody Staining: The slides were ex- 
posed to absorbed anti-lens specific antibody diluted 
1:4 with staining buffer for 30 minutes. They were 
washed for 10 minutes in staining buffer and then 
fixed for 20 minutes in pre-cooled 95% ethanol. The 
slides were washed in three baths of cold staining 
buffer, 5 minutes each. They were then exposed to 
fluorescein labelled goat anti-rabbit immunoglobulin 
(Microbiological Association, Bethesda, Maryland) for 
30 minutes. The slides were then washed in three 
changes of cold staining buffer, 10 minutes each. A 
drop of glycerol was placed on each slide and a cover- 
Slits was dent lyeplLacedson) top. © thei sides) werensconed 
in the dark at 4°C for not more than 2 weeks. 

For control purposes, sections of a 15 day regen- 
erate were exposed to serum from a control non-injec- 


ted rabbit, instead of lens antiserum. Further treat- 


ments were as above. 
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Antibody Preparation 

Mature virgin Dutch Belted female rabbits were 
used. The animals were injected with 2 mls of a homogen- 
ate of newt lenses (5 lenses in 1 ml of 0.118 Na 1) mixed 
in 1 ml of Freund's complete adjuvant (Difco Laboratories). 
Two weeks later the animals were injected with a mixture 
of 1 ml of antigen (5 lenses per ml) and 1 ml of Freund's 
incomplete adjuvant. One week later the animals were in- 
jected with a mixture of 1 ml antigen (10 lenses per ml) 
and 1 ml Freund's incomplete adjuvant. Two weeks later the 
rabbits were bled from the marginal vein of the ear. The 
blood was left POMC Otero. onOureat.o/2C miner CLOGeWwas 
separated and centrifuged at 4000 g on a Sorval RC 32 cen- 
trifuge. The supernatant was removed and centrifuged fur- 
wale he Ply se ep tee 

Before use the antiserum was absorbed by reacting 
it with an equal volume of newt tissue powder obtained 
from lentectomized newts for ¥% hour at 4°C. The serum was 
then tested for reactivity against newt lens extract, by 
means of immuno-electrophoresis. Glass slides measuring 
5 cm. x 12 cm. were thoroughly washed and dried and then 
Codteduwitiee miseote. >t NObLe agdie (Ditco) = [his layer 
of agar was dried in an oven (60°C) for one hour and the 
slide was then coated with 10 mls of a 1:1 solution of 
Noble agar in 2x barbital acetate buffer pH 8.4-86. The 


2x barbital acetate buffer was prepared as follows: 
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10.8 gm sodium barbital 
8.6 gm sodium acetate 

11 oO saml sO. LN wie! 

distilled water to 1000 ml. 

After the agar had set, a central well 6.5 cm x 1 mm and 
two circular side wells 1 mm diameter (5 mm from the cen- 
tral well) were cut. The agar was removed from the side 
WellcuandeoOswl vor aasolution Of.10 lenses in _0.1185M 
Saline was added to each well. Electrophoresis was then 
Cari iecsoucraceaaCe Om senours! atwoeVOUtSmCcM sone mG, Ke 
Turner electrophoresis cell model 310. After 1% hours the 
slides were removed from the electrophoresis chamber, the 
agar was removed from the central well and the trough was 
filled with absorbed serum. The slides were carefully 
Dlaceco sineaepmo1stachamber, at 4° Cetor 24 hours. |) After 24 
hours any unreacted protein was rinsed from the slides by 
a further 24 hour wash in 0.1M PO, buffer. The agar was 
then dried by placing filter paper on its surface for two 
hours and was then stained for 3 minutes with 0.2% Ponceau 
S in 3% trichloroacetic acid (TCA). Any unreacted stain 
was removed by several 1 hour washes in 3% TCA. 

Fifteen day regenerate irises that had been incu- 
bated for 24 hours in either control medium or medium con- 
taining 0.05 mg/plate colchicine and a further fifteen 
days in vivo were used to test for immunofluorescence. 


Tissue for immunofluorescence was prepared as previously 
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described. Liver and lens tissues, fixed as described 
previously, were also used in order to test for the spec- 
ificity of the serum and the fluorescent staining. Obser- 
vations of fluorescence were made on a Leitz fluorescence 
microscope equipped with a high pressure mercury burner. 
Excitereca cers UG); B612)) and-U65)" were used." “The bar— 
rier filter was used in position 3 which was the correct 
setting to observe fluorescein fluorescence. Photographs 
were made on 35 mm plus-x-pan film using dark-field illun- 


ination. 


F. Autoradiography 


Autoradiography experiments were performed in order 


to determine whether or not colchicine was inhibiting the 


34 uridine, 34 thymidine or oH leucine. 


incorporation: of 
(Protein studies also helped to show if crystallin synthe- 
sis was being affected.) 

In order to determine if nucleotide incorporation 
was inhibited in my system, 15 day regenerate irises were 
cultured@iore24ehourse in controlymedium-or in-control med-= 
Lunapluse0s0semg/platescolchicinewearhe iaplsesswere=then 
implanted into a host newt which was immediately injected 
WiehelOsiceolsurtdi nom 5-38 (New England Nuclear) (spe- 
Ciplom@activaty 24e9C7mil Vimole) #in'50 wis saline*or 30 pc 
of thymidine-methy1-7H (specific t%activity™— 16.9 curies/ 


millimole) (New England Nuclear) in 60 tl saline. The 
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newts were sacrificed twelve hours later and the eyes 
were fixed and dehydrated as for light microscopy. The 
slides were deparaffinized in two 5 minute baths of xylene 
andsthensctaken throughneesbaths: of vabsolutesalconol, fon 5 
minutes each. The slides were then placed in a cold 5% 
TCA bath for 10 minutes to remove any unbound radioactiv- 
ity. They were then washed in distilled water, incubated 
Inelos H,0. (Fisher Scientific) overnight and then washed 
again in distilled water and air dried. The slides were 
coated with Kodak NTB-2 emulsion in the dark. They were 
dried overnight in a neoprene coated test tube rack, placed 
in a light-tight bakelite slide box and exposed for 3 weeks 
at room temperature. Slides were developed for 2% minutes 
in cold D-ll (Kodak) rinsed once in water and fixed for 5 
minutes in Kodak fixer. They were then washed for 20 min- 
utes in running tap water, stained for 2% minutes in haema- 
toxylin-eosin and mounted in DPX Mountant. 

For protein incorporation tests, irises from 10 and 
15 day regenerate newts were removed and incubated in 
either control medium or medium containing .05 mg/5ml 
of the colchicine. They were implanted into host newts 
which were sacrificed 0, 5, 10, 15, and 20 days after im- 
plantation. Three hours before the animals were sacrificed 
the newts were injected with 5 uc of D,Ly-leucine-4,5 07H 
(Sp.ac 35.4 curies/mM) in 50 ul saline (New England 


Nuclear). The tissues were then processed in the same 
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Manner as the uridine and thymidine incorporation experi- 


ments, except that the overnight exposure to 10% H.0,4 was 


2a 
omitted. 


G. Cell Electrophoresis 

Changes in cell surface components during lens re- 
generation have been detected using cell electrophoresis 
(Zalik and Scott 1972). In an attempt to investigate 
whether drug treatments had an effect on the cell surface 
the effect of several enzymes on the electrophoretic mobil- 
ities of control and drug treated irises was investigated. 
Zalik and Scott (1972) found that neuraminidase sensitive 
groups reappear on the cell surface by 20 days post-lent- 
ectomy. Neuraminidase sensitive groups are detected by 
their method in the normal pigmented iris cell. These 
groups disappear from the cell periphery as cells dedif- 
ferentiate, and reappear again at the onset of rediffer- 


entiation which occurs 15-20 days after lentectomy. 


Twelve irises per experiment were cultured for 24 hours 


Tico mot meatan, oI medlas containing 26 x 107° M 


: M vinblastine. They were then 


colchicine or 4.4 x 10. 
cultured for specific time intervals, in vivo. The irises 
were removed from the host newt eyes (for ultraviolet mic- 
roscopy) and dissociation was performed according to the 


method developed by Zalik and Scott (1972). The irises 


were trypsinized with 0.25% filtered purified trypsin 
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(ashes Scientifticecompany)sin 0.118 Maesaline:, for s hour 
on a Shaker waterbath set at 37°C. Cells were recovered 
D¥aCentta fudatloneatmc>Uexao7) for Seminutes an an. inter— 
national Clinical Centrifuge. The cells were then washed 
in 0.118 M saline, and the cell suspension was divided in- 
to two tubes. One aliquot of the cell suspension was in- 
cubated in an equal volume of saline and the other was in- 
cubated at 37°C for 30 minutes in an equal volume of 
neuraminadase (Behringwerke AG) containing saline (25 units/ 
mi) awith.03005H CaCl.. After incubation, cells were 
washed in 0.118M NaCl pH 7.2 and used for electrophoretic 
mobility studies. 

The electrophoretic mobility of the cells was meas- 
ured using a cylindrical cell electrophoresis apparatus 
(Bangham et al. 1958) equipped with a 1 ml chamber, ob- 
tained from Rank Brothers, Bottisham, England. The appar- 
atus consists of an electrophoresis chamber made of a 
SyrmiaricdimglassetubesinrouwnucheplatanumnecLecLLOodes gage 
inserted. The chamber is placed in a thermostated circu- 
Patingawater—bacuemaintained at» 25eG. »§The electrodes, are 
connected to a power supply and their polarity is reversed 
between measurements to guard against electrode effects 
which would result in movement due to drift. A microscope 
fitted with a water immersion objective lens is CeCe San 
in the water-bath and focused on the optical flat surfaces 


of the glass tube. The cell electrophoresis cell was 
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calibrated with human erythrocytes, in 0.145 M NaCl pH 7.2. 
The migration rate of the iris cells was measured by tim- 
ing their passage over three squares, 15u each, of a grat- 
icule built into the microscope. Therefore each measure- 
ment represents the time taken by each cell to travel 45u. 
Using this method 3 sets of experiments were performed: 

(a) The first set of experiments was done in order to 
determine when neuraminadase sensitive groups could be 
detected at the surface of cells from regenerating irises. 
lriseseatel4, 25, 916, 17,108 ,,-ana 19 days atter lentectomy 
were used, 12 irises per age. These irises were incubated 
for 1 day in control medium, and then the effects of 
neuraminidase treatment on their electrophoretic mobility, 
(EPM), was determined; (b) It was important to ascertain 
the necessary in vivo incubation time needed for the 
appearance of detectable neuraminadase sensitive groups 

at the surfaces of the cells of the irises.For this purpose, 
14 day regenerate irises were incubated for 2, 4, 6, and 8 
days in vivoand then the effect of neuraminadase on the 
electrophoretic mobility of the cells was determined. 

(c) In another series of experiments an attempt was made 
to investigate whether there was a period of regeneration 
sensitive to colchicine or vinblastine treatment, which 
would prevent the reappearance of neuraminadase sensitive 
groups at the cell surface. Sets of twelve - 8, 10, 13, 


14, 15, 16, 18, and 21 day regenerate irises were tested. 
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The irises were incubated for 1 day in culture medium con- 
tainingea. 05 mg/plate, colchicine: or 0. 02°mgq/plete vinblas— 
tine. They were then incubated for 4 days in vivo, cells 
were obtained, and the effect of neuraminidase on their 
E.P.M. was studied. The data were analyzed for signifi- 


cance with a paired t-test. 


RESULTS 


1. Light Microscopy Observations 

In order to determine the effect of experimental 
procedure and drug treatment on the cultured irises a 
series of criteria were established in order to evaluate 
the subsequent progress in development of the irises. All 
histological sections of the cultured regenerates were 
graded according to the following criteria: (a) eracdosog 
pigmented to depigmented cells in the area making up the 
regenerate; (b) degree of differentiation of primary lens 
fipenek Primary fibers were divided into three subclasses: 
I. beginnings of cell elongation with nuclear and cytoplas- 
Mic basophilia still apparent, II. increased cell elonga- 
tion and beginnings of cytoplasmic acidophilia, III. in- 
tense cytoplasmic acidophilia,increased lens fiber elonga- 
tion and onset of nuclear degeneration: these fibers will 
eventually be located in the central core of the mature 
lens. During depigmentation and early stages of lens 
fiber formation the cytoplasm of the cells becomes baso- 
philia due to increased production of ribosomes; as lens 
proteins are synthesized in the cytoplasm the basophilia 
gradually decreases and is replaced by acidophilia, (c) 
presence of secondary lens fibers. Secondary lens fiber 


cells appear between the depigmented cuboidal cells of the 
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regenerate, and the elongating primary Jens, fiber cells. as 
the primary fiber cells begin to form the central core of 
the lens. According to these observations an estimate of 
the stage of regeneration was made. The staging system 
proposed by Yamada was used in these studies. From the 
relationship between the average time after lentectomy and 
the incidence of certain regeneration stages at that time 
during normal regeneration, it was possible to estimate 
the apparent age in time of the regenerate according to 
the: degree of regeneration it had attained, i.e. a Stage V 
regenerate would occur between 12-15 days after lentec- 
tomy, or an average of 13.5 days. In order to determine 
if any retardation occurred due to experimental condi- 
tions or drug treatment, the apparent age (in days post- 
lentectomy) of each sectioned regenerate was estimated. 
This was compared to the actual age of the regenerate and 


was used as an index of the extent of retardation. 


A. Retardation Due to Experimental 
Conditions - Intrinsic Retardation 


The methods chosen for treatment of the iris with 
certain drugs were used because one can place the regener- 
ate in a medium with a known drug concentration, and be- 


cause secondary drug effects on the experimental animals 


which may in turn influence the system under investigation, 


are minimized. They also enable the investigator to main- 


tain in vivo conditions for most of the duration of the 
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experiment. However, they do have a drawback, the iris is 
SUbJeCts tO, certain damage during microsurgery; therefore 

it is important to establish the extent of retardation that 
is introduced into the system by mechanical manipulation 
and control culture conditions. Table 1 is a summary of 
data collected from various age irises that were surgically 
removed, cultured for 24 hours in vitro under control cul- 
ture conditions and subsequently implanted into host eyes 
for 15 days. Table II summarizes the calculations re- 
quired to obtain the intrinsic retardation experienced by 
the different age irises. Figure 3 plots the data obtained 
from Table 2. As can be seen in Figure 3, there is an in- 
trinsic retardation introduced by experimental manipula- 
tion which increases linearly as the postlentectomy age 


Of the treated irises increases . 


B. Effects of Colchicine on Lens Regeneration 
1. Dose Response 

This series of experiments was performed on 15 day 
regenerates in order to find a dose of colchicine which 
would inhibit elongation without being lethal to the cells. 
Irises at 15 days postlentectomy. were used because at this 
age cells start to elongate and differentiate into primary 
lens fibers. The results obtained from these experiments 
are presented in Table III. From these data it can be 
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Table I 


Data Describing a Series of Control Irises 


Irises were cultured for 24 hours in L-15 medium 


(50% V/V) and implanted into the eye of a host lentectom- 


PTZedynewtetom [5 days. 


x - Age refers to the number of days postlentectomy. 


xx - Usually more than 50% of the treated irises were 


OCs = 


XXXX — 


unsatisfactory for study due to improper implanta- 
tion in the eye, infection, loss during section- 
ing or mechanical damage to the regenerate. This 
column represents the number of irises tested, 
the number that were used to make observations can 
be seen in the other columns. 
Ratio of depigmentation is calculated for the area 
making up the regenerate. 

+ - 0-25% depigmented cells/pigmented cells 

++ - 25-50% depigmented cells/pigmented cells 


ett 


50-70% depigmented cells/pigmented cells 


++++ 75-100% depigmented cells/pigmented cells 


Primary lens fiber cells were divided into three 


subclasses: 


a beginnings of cell elongation with nuclear and 
cytoplasmic basophilia still apparent. 


If increased cell elongation and beginnings of 
cytoplasmic acidophilia 


Iil increased lens fiber elongation, onset of nuc- 
learmedegeneration, usually these *fibers will 


be present in the central core of the mature 
lens. 


Table I 


Data Describing a Series of Control Irises 


Primary Lens Secondary 


No. Ratio of Fiber Cells Lens Fiber 
Age” tested" "“Depiementation. gl Il Tir Cells Stage 

0 10 +++ x a x - VI 
4 x - IV 
_ x x - VI 
- x - V 

Z 10 i x - IV 
st x x - VI 
ie x x - VI 
8 ~ IV 

5 10 ues eae x se V 
ae x x - VI 
x x - VI 
MY x x - VI 

6 10 or x x - VI 
be x x - VIII 
ts x x - Vil 
a x x - VII 
x x = vi 

7 10 ee x x = ETA 
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i oe VIII 
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Primary Lens Secondary 


a No. Ratio of Fiber Cells Lens Fiber 
Age Tested Depigmentation®* ] (qt IS Cells Stage 

10 20 tts x x x VIIL 
LL 5 x VII 
" co ee VIII 
- x x VIII 
: x oS x VIII 
‘ x x x Vat 
“ x x x oR IX 
" a x VIII 
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TAB Lee Ld 


Summary of Calculations for Intrinsic 
Retarda elonvorseControlmirrces 

actual age was calculated by adding the number of 
days postlentectomy plus 1 day for in vitro culture 
DluUSmSedaysSmii7 vutvoscuLtune. 
The apparent age was estimated by matching the ob- 
served stages with stages that occur during normal 
regeneration. The normal regeneration stages have 
a sequence of appearance at specified time inter- 
vals. These times were used as the apparent age 
for the stages reached under experimental condi- 
tions. 
The average apparent age in this column is not 
necessarily the numerical average of the range of 
aAppaLenteages., se lemiscEeCaolLCculdalLed tor stnesagboupson 
inises tested, 1.e5 for’ 0 days postlentectomy 
there were 2 stages VI's, 1 stage V and 1 stage 
IV irises, therefore instead of the average appar- 
ent age being 13 it was 14 because the 2 stage 
VI's weighed the average. 
Intrinsic Retardation was obtained by subtracting 


the apparent age from the actual age. 
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Figure 3 


Graph of the intransicenetardation expertenced 
by Various Age Regenerates 


The, data and calculations from Tables Pf) and) Ii 
were used to construct this graph. There appears to be 
a linear relationship between intrinsic retardation and 
the age, postlentectomy of the iris that is studied. The 
more advanced the age of the regenerate postlentectomy, 
the greater the intrinsic retardation. 

Each point on the graph represents an average 


figure calculated from seven or more irises . 
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retarded regeneration. Colchicine at 2.5 x TOme M re- 
tarded regeneration but it allowed cellular elongation and 
lens fiber formation to occur as evidenced by the fact 
that stages VI-VII, characterized by the presence of elon- 
gated primary lens fibers, were attained. However, elon- 
gation was inhibited at colchicine Concentra onseOLt2s ox 


Behr Pome? Same M. At these concentrations the re- 


10 
generate only developed up to stage V. This stage is 
characterized by an internal and external layer of depig- 
mented cells that exhibit no elongation. None of the 
doses seemed to be lethal to the cells of the regenerate 
Since on histological examination all of the cells ap- 
peared healthy. There was no morphological evidence of 
cytoplasmic or nuclear damage. Moreover if regenerates 
were cultured for longer time intervals in vivo they re- 
covered and were able to reach later stages of regenera- 
tion (see section 2). For subsequent work a dose of 2.5 
x 10sec M was selected since this was the lowest dose 
which would effectively inhibit cell elongation. 

On histological examination the control regener- 
ates appeared as follows: in many there was a lens epi- 
thelium of cuboidal cells around an organized lentoid. 
Elongating primary lens fiber cells were present and in 
some cases secondary fiber cells also occurred. Colchic- 
ine treated 15 day regenerates cultured for 15 days tn 


vivo often appeared as an unorganized mass of depigmented 


cells showing no signs of elongation. In a few regenerates 
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some organization into internal and external layers was 
evident but no signs of fiber elongation were present. 
See Figure 4 for an illustration of control and colchic- 


ine treated irises. 


2.) Most Eiitective in vive Incubation Time 

These experiments were done in an attempt to find 
an incubation time which would most show the effects GF 
colchicine. Results of these experiments are summarized 
in Table IV and Figure 5. Ten irises per experiment were 
tested, and about 5 out of the 10 irises could be used 
for the observations. From these results it can be ob- 
served that 15 days of in vivo incubation was the time in- 
terval at which colchicine treatment produced the greatest 
extent of retardation. Incubation periods of 5 and 10 
days already showed inhibition of cell elongation; how- 
ever differences between controls and experimentals were 
not as pronounced. This suggests that it may take drug 
treated and control irises several days to recover from 
the operational techniques before experimental differ- 
ences become evident. As illustrated in Figure 6 incuba- 
tion times longer than fifteen days for control irises 
result in an increase in size of the regenerate,and in- 
crease in the number of primary lens fibers. There is 
also an increase in the number of secondary fibers and 


the size of the central core - similar to what occurs in 
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Figure 4 
Micrographs of 15 day Regenerate Irises Treated 


with) Colchicine or Control Medi umerors ie Day’ 
in vitro and then Incubated 15 Days tn vivo 


- A Stage X control iris. Primary (P) and secondary (S) 


fibers are present . x 125 


= A Stage X control iris, ~Primary (P) and secondary (3S) 
fibers are present . x 125 

— Avo vage: Viecolchnicines treated 2ris.«) The sbeqanninoscmor 
elongation are present in a few cells. (The elongating 


Cells arewindicatedmby an arrows) x) 125 


- A Stage V colchicine treated iris. This regenerate is 
a mass of depigmented cells. The depigmented cells are 


indicated by sarcrows. ex l25 


enp 22272 Tap +e272 Surstyo Too euq Aq pecuetisdx 


Lr) 


oy 


| 


1 


N 


| 


4 


SUOTE SUTOTYOTOS JO QOdeTJS |yR O32 enNp UOTZeEPASASY - TU-CUxxy 


FUSWZESAR SUTOTYOTOO pue su penagn ge els Tezuswutzsed 
© sep UT uoTjepzeqey - Cuxx 


UOTIZeSPASASA OTSUTAAUT - 


Te zUusUuTAsdxe o7 enp ToOz,uUOD syA Aq pesuetazsdxs skep UT UOTAepAeRZsyY - Tux 

aa 6T/0Z-ST i=l T7 V7/SZ-TZ x Sz 

6T le Gueeras TIA-IA VT SE C7/SC-8T K 02 

Lt VI/9T-ZT TA-A ise he 02/S7-ST X-IIA ST 

ET CT/ST-ZI A OT 9Z 8T/02-9T XI-IIA OT 

6 €l/St-er - A 9 ie ST/81-ZT TIA~A S 

al obezeay/eby sobeis TY Spy Sberaay/aby sebeas (sAeq) ouTy 
Tenwov [TCO23 U6) UOT eqnou p 


eAX PezTwojde_RueT 3asoy Ut oan Vinojuaoare 


S 
STEATSRUL SWTL QUeTeTITA A3e sejezoU leabey Aeq Gt so aqey UOTIePALASY 


AI eTqeL 


ee > 9 


— >) 


: - ia Fe yet yer i 26 Se res. as 


ie kas ~ 4 elas wih, —* *s5. xg=s2 


re arssiset” 


: a Pee ; 


Paw ote) Site ticsak = 


ot 
ee > aoe im =o 
: se Tialss: sae = es Fi ehees baswes 


= 


4: on ae anit die 238 
~* — = 


ae i We 


- 


4h We saa sh seal feat! ede nl eae <i 


ei te OO Te aa 
a Lig it syah (Al Rigg hh) soatrss 
‘ “baw ah in? cn be20ediiulen. aes i 
: - is ) a ah 
SPRIEVS AB RAbRwHAyis A yany ald &, Wrikcy, Ase 


Figure 5 


Graph of Colchicine Retardation Versus 
tn vivo Incubation Time 


This graph shows that an incubation time of 15 
days tn vivo produced the greatest retardation of colchicine 
treated 15 day regenerates. After 15 days incubation , 
irises showed some elongation and appeared to be devel- 
oping more rapidly 

Each DOI On tiers bapnerepresentcomalmeavelage 


retardaatzon time, 2or 5 irises’. 
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Figure 6 


Micrographs of 15 Day Postlentectomy Regenerates 
Incubated tors] Day tn vvero andeVarying 
Times, tn vovo 


A - A Stage Viil control iris incubated: foreliydays 
> me Be oS) 
B - Stage X regenerate which was incubated for 15 days 
mt BAS. 
Ce wobage x control 1riemincubateds fom eUedays 
xeLZ5 
The position of the cornea of the host eye in which the 


regenerates were incubated in is indicated by an arrow. 
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situ. Figure 7 illustrates that colchicine treated regen- 
erates are able to overcome the inhibition of elongation. 
Up to 15 days tn vivo incubation most of the regenerates 
were halted at Stage V, whereas after more than 15 days 
in culture they are able to attain later stages of re- 


generation. 


3. Most Sensitive Stage 

Preliminary experiments on dose response and in 
vivo incubation time used 15 days regenerate irises since 
this was the most probable time at which the onset of 
elongation was occurring. This set of experiments at- 
tempted to find out whether colchicine affected other 
stages of regeneration. Results from these experiments 
are ener ea in Table V and are shown in the form of 
graphs in Figures 8 and 9. It can be seen from Figure 9 
which plots the actual retardation of the implant due to 
colchicine treatment, that a 15 day regenerate is most 
sensitive to colchicine treatment, or at least it demon- 
strates the most retardation relative to the controls. 

As seen in Table V irises treated at 0 and 2 days 
postlentectomy show no observable inhibition due to col- 
chicine treatment. As later stage regenerates (5-15 days 
postlentectomy) are treated there appears to be a pro- 
gressive increase in inhibition. Careful observation of 
the data shows that all of the regenerates treated with 


colchicine from 5-15 days (prior to the onset of 
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Figure 7 


Micrographs of 15 Day Regenerate Irises Incubated 
for 1 Day tn vittro and Varying Times in vtvo 


A - Control--a control iris, incubated for 15 days itn vivo. 
Notice the primary and secondary lens fibers indicated 


bysprandesmrespectiveiyen x 200 


B - A Stage V colchicine treated iris incubated for 15 
days in vivo. No primary lens fibers are observable. 


xpelco 


C - A Stage VI colchicine treated iris incubated for 20 
days in vivo. Primary lens fibers have started to form. 


They are indicated by P. x 125 


D - A Stage IX colchicine treated iris incubated for 25 
days in vivo. This was the most advanced colchicine 
treated iris observed - primary and secondary fibers 
are present. They are indicated by P and S respec- 
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An arrow indicates the position of the cornea of 


the host eye in which the regenerates were cultured. 
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Figure 8 


Graph of the Retardation Experienced by Different 
Aged Regenerates Due to Colchicine Treatment 
and/or Experimental Conditions 


Bach) point on) the graph represents an average 
retardatlomscime .fOrmat@ledsSt eo b1SeSa. me luece 
points were plotted from the data presented in 


columns Ri gand R2 netab ler Ve. 
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Figure 9 


Graph of the Retardation of the Iris Due Solely 
to Colchicine Treatment versus the Age 
of the Treated Regenerate in Days 

The arrows indicate the times at which peaks of 
mitosis appear (according to Yamada and Roesel 1971). 
It can be seen that there is more relative retardation 
at the times when the mitotic peaks occur ; however, 
there is more retardation in a 15 day regenerate than 
in a 7 day regenerate . This suggests that some 


process other than mitosis is being affected 
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Corceiiae: 


elongation) are halted at Stage V or VI - stages at the 
onset of cellular elongation. Irises treated at 20 days 
postlentectomy, an age at which cellular elongation has 
already occurred, show a delay in development; however, 
they were able to attain Stages VII-VIII which are char- 
acterized by the presence of elongated fiber cells. It 
therefore appears that once cellular elongation has 
occurred it is not reversed by colchicine treatment. In 
Figure 4 it can be seen that while extensive cellular 
elongation and primary lens fiber formation has occurred 
in the control cultured 15 day regenerates, colchicine 
treated regenerates at this stage show little, if any, 
cell elongation. Five day regenerates are shown in Fig- 
ure 10. The onset of cellular elongation is evident in 
the control, whereas none is apparent in the colchicine 
treated regenerate. Figures 11 and 12 illustrate the 
greater differences apparent between colchicine and con- 
trol treated regenerates in 7 day regenerates. The con- 
trols show well organized lentoids - some even show evi- 
dence of secondary fiber formation. The colchicine 
treated regenerates are for the most part masses of de- 
pigmented cells although Figure 12c, shows that some 
cellular elongation has taken place. Figure 13 illu- 
Stratecetne eprects) OL. colchicine and control creatmiene 
on 10 day regenerates. The control regenerate shows 


elongating primary fiber cells whereas the colchicine 
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Figure 10 


Micrographs of 5 Day Regenerates Incubated for 
Fitteen, Daysein vive alter Day eincuba— 
tion tn vttro 


A - A Stage VI control treated iris. The arrow indicates 


a region beginning to show elongation. x 125 


B - A Stage V colchicine treated iris. There does not 
appear to be any elongation anywhere in this lentoid. 
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Figure ll 


Micrographs of 7 Day Regenerate Irises Incubated 
for sl Day ti virro and 155 Days=7n v7v0 


A - A Stage VII control iris which shows primary lens fib- 


ers. §x)i25 


Bi A Stage Vil Control meus. xel2o 


C&D - Stage V colchicine treated regenerates. Both of these 


regenerates appear as organized masses of depigmented 


cells, however neither show any elongation. x 125 
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Figure 12 


Micrographs of 7 Day Regenerate Irises Incubated 
fore levay tiavic ro, andy Day Server vo 


A & B - Control irises which have attained Stage VII. 
Notice onset of elongation in the inner wall of 


the regeneration. x 125 


Ce- SA Stage Vi, colchicine treated iris.) A few lor 
the cells show the beginnings of elongation 
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Figure 13 


Micrographs of 10 Day Regenerate Irises Incubated 


for Pebay tev t tro sande oe Deyom7 7 p20 


A - A Stage VII control iris showing primary lens fibers 


(aGnew me eile > 


B - A Stage V colchvecines treated regenerate ~. Theresgappear 
to be two patches of depigmented cells in this regen- 


erate - indicated by arrows. x125 


C - A Stage V colchicine treated regenerate. This regen- 
erate has assumed an abnormal shape. It is composed 


of a mass of depigmented cells. x 125 
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treated regenerates appear as masses of depigmented 


cells without any apparent elongation. 


4 strects Of Colchicine on the Incorporation 
Ofe Hel da ne Se She dino Roca 
of °H-Uridine, °H-Thymidine and 2H-Leucine 


It has been reported (Hell and Cox 1963, and 
Creasey and Markiw 1965) that colchicine can inhibit nuc- 
leotide incorporation; therefore, a series of experiments 
were done in order to determine if colchicine was. causing 
anmingror elon of 3u-uridine and 34-thymidine incorpora- 
tion in the drug treated regenerates under my experimen- 


taleconaLteions. 


(a )SeinicGnporationuoft Sari ne 

On histological examination of sections of con- 
trol and colchicine treated regenerates there did not ap- 
pear to be any difference in 3y-uridine INCcoMpOratlonk 
Grain counts made over areas of similar eee eae presented 
in Table VI. There does not appear to be any difference 
in the number of counts per unit area when colchicine and 
control regenerates are compared. This indicates that 
there is no appreciable inhibition of 3y-uridine Icon 


poration by colchicine. 


hetretqay gan eagle aad 


ai 


92 


Table VI 


incorporatilonsor eH_-Uradine intowcd 


15 Day Regenerate 


2 Heuridine Incorporation 
Counts per Implant 


Control Colchicine 
40 50 
45 35 


Dm lncorporarion of 7H-Thymidine 

Sections of similar area were also used for count- 
ing in the experiment. Since under the conditions employed 
in these experiments there was a heavy incorporation of 
34-thymidine into the regenerate nuclei,resulting in too 
Many grains to be accurately counted,the total number of 
nuclei in representative sections was counted and then the 


number of labelled nuclei was counted. The results are 


summarized in Table VII. 


Table VIL 


Incorporation of 34-Thymidine into a 
15 Day Regenerate 


34—-Thymidine Incorporation 


Number of labelled nuclei/Total number of nuclei 
Control Colchicine 


8/30 12/40 
4/20 
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The data indicate that there is a similar ratio of 
cells in DNA synthesis in control and colchicine treated 


regenerates. 


Cyan Incorporation of SHemencine 

Yamada and Takata (1963) have shown that during 
the course of lens regeneration there is a sharp increase 
in protein synthesis occurring at about 15 days postlent- 
ectomy. This has been assumed to correspond to the onset 
of lens crystallin synthesis in elongating fiber cells. 
In order to investigate whether colchicine inhibits the 
onset of this increase in protein synthesis, studies of 
3u-leucine incorporation were done. Since increased pro- 
tein synthesis occurs first ina localized number of cells 
within the regenerate, it would be difficult to get an 
accurate estimate of protein synthesis by randomly select- 
ing an area and making grain counts. Therefore grain 
counts were made by selecting three cells that seemed to 
have a relatively large number of grains; these were 
counted and called xX. Similarly three cells with a small 
number of grains were counted and called Y. The sum of 
X + Y was compared for the various tests on control and 
colchicine treated irises. These results are summarized 
in Table VIII and Figure 14. This method of counting was 
used so that the Tocaie ation of high counts in a few 
cells of the regenerate would be immediately apparent by 


comparing X + ¥ for each experiment. A comparison of the 
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Table VIII 


rncerporacion .Of ete reucine In COMLOs alg elo bay. 
Regenerates Incubated for Varying Periods 
of Time in vivo 


*X - the sum of counts for three cells which showed heavy 


labelling. 


*y - the sum of counts for three cells which showed 


light labelling. 


The arrows indicate where there were instances 
of heavy labelling in a few cells of the regenerate and 


very little labelling in the rest of the regenerate . 


TaplemViei. 


Incorporation. of “ejecyeresays intosl0Vandels Day 
Regenerate Irises Incubated for Varying 
Periods of Time in vivo 


10 day regenerate 


Days ClCOGUANELES 
Incubated Gsyhe dele Colchicine 

in vivo Xcaeete Vow Total Xe ey 

5 s) 
10 Ny ae Ss: 85 12 + 11 

sit) ae 246) 90 

42 + 32 74 
ihe Sf) ge Sial 68 Sil te Pars) 
42 + 32 74 40 + 33 
48 + 40 88 63 + 38 

44 + 36 80 

5 45 0 104 


15 day regenerate 


0 4 
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Figure 14 


A Graph of Total Counts of eae -Leucine Bereta est 
versus total Age of the Regenerate 


*Counts cretem toy totaeleor x]. as 
referred to. in Table wll. 
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totals shows that increases in protein synthesis occurred 


at about 21 days post-lentectomy. BY) 2 2edavycjealt athe 


elongating cells of the lentoid show a sharp increase in 


protein synthesis. A similar pattern was not observed 

in the cells of colchicine treated regenerates. Although 
the latter showed an increase in protein synthesis, the 
increase was not as great as that observed in the con- 
trois. 

Takata et ai (1964) have shown with fluorescent 
antibodies that crystallin synthesis appears first ina 
few cells of Stage IV (9-15 days) regenerates and then 
spreads out and occtirs an all of the elongating cells of 
the regenerate. Since my experimental system has an in- 
frinsic retardation of 8 days (for a 10 day control = 
generatemiris))and ll days (tor 7a is dayscontrol regener— 
ate iris), the results on the control support the findings 
of Takata et al (1964) for normal regeneration. In the 
studies of these investigators the onset of crystallin 
synthesis occurs at 9-15 days postlentectomy. In the in 
vivo culture system studied here this onset occurs 
at 21 days, — a retardation of 6-12 days which agrees 
with my calculated intrinsic retardation for this system. 
Colchicine does not seem to completely inhibit protein 


synthesis at any time. 
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See rLects, Of COlchicineson the Synthesis 
of Lens Specific Protein 


(a) Specificity of the Antiserum 

Reaction of the antiserum with an extract of newt 
lens after immunoelectrophoresis revealed three bands (see 
Figure 15). These three bands correspond to bands fora, 8B 
and y crystallins. The most anodic band represents gamma 
crystallins and the most cathodic represents alpha crys- 
tallins. Beta crystallins correspond to the intermediate 
band (Clayton 1970). Therefore this serum contains anti- 
bodies against all of the main crystallins. Newt liver 
tissue, reacted with antiserum and stained subsequently 
with fluorescein conjugated anti-rabbit immunoglobulin 


showed no detectable fluorescence. 


(b) Reaction of the Antiserum with Control 
and Colchicine Treated Irises 


In order to determine whether inhibition of elon- 
gation in the cells of the regenerate was accompanied by 
inhibition of lens-specific proteins, fluorescent antibody 
studies were performed on 15 day regenerates cultured 1 | 
day in vitro in the presence or absence of colchicine and 
15 days in vivo. Figure 16 shows the results obtained 
when regenerates treated with absorbed anti-lens serum 
were stained with fluorescein conjugated anti-rabbit 
inmunoglobulin. Control irises fluoresced very brightly. 
Fluorescence was present in all of the lens fiber cells, 


some fluorescence was present in the lens epithelum 
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Figure 16 


Micrographs of Fluorescein Treated 15 Day Regenerates 
incubated) for Wl) Davyetnm vitro and Voedaysecnwtvo 
and Observed under Ultra-violet Light 


a - A control treated regenerate treated with fluorescein 
isothiocyanate. Note the fluorescence present in all 
areas of the lentoid. Fluorescence is less in the 


lens epithelium (arrow). x 125 


b - An enlargement of (a). Note the reduced fluorescence 


in the lens epithelium. x 400 


c - A colchicine treated regenerate. Note the absence 


OL any esl luorescence silt Dem Lentold axe l2o 


d - An enlargement of (c). x 400 


although it was not as bright as that in the fiber cells. 
No fluorescence was present in other tissues of the eye. 
Colchicine treated irises showed almost no fluorescence. 
One or two tiny spots of fluorescence were present in a 
few of the internal cells of one of the lentoids. Five 
irises were examined for both control and colchicine 
treated regenerates =a Ventoid' was present in 4 of the 5 
controls and 3 of the 5 colchicine treated regenerates. 
Tests with serum from an uninjected rabbit showed 


no fluorescence in control lens regenerates. 


Ge *Etfects Due “to Lumicolchicine 

Linskens and Wulf (1953) and Wilson and Friedkin 
(1967) have shown that lumicolchicine, a derivative of 
COLGIMM Cine, ase O=mLcOLlcw=activity nore daces 1t bind to 
Extuvacts om the mitotic™spindleras’ does colchicine. = Oth-— 
ers (Berlin 1973) have shown that while lumicolchicine 
may not have antimitotic properties it does exhibit other 
properties of colchicine not presumably associated with 
Microtubularestunction » awer “nhtbetion  OLenucleoride up 
take. Therefore experiments were performed with lumicol- 
Ghicine to determine’ if this compound had any effects on 
cell elongation under my experimental conditions. 

It was found that lumicolchicine treated regener- 


ates appeared similar to the controls ~- there was no 


inhibition of elongation 
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DmpeeteceouDuer to: Vinblastine 
(a) Dose Response 

First series of experiments were run with 15 day 
regenerates in order to determine an effective dose of 
vinblastine which would inhibit elongation but not be 
lethal to the cells. The results of these experiments 
are presented in Table IX. Vinblastine sulphate proved 
to have very damaging effects. Cells were very irregular, 
many had pyknotic nuclei-and the organization of the re- 
generate was disturbed. With control and colchicine ex- 
periments 50% of the samples developed a discernible re- 
generate, with vinblastine only 10-20% of the samples had 
a regenerate that could be staged. With a dosage of 4.4 


om TOne 


M one of the two observable regenerates appeared 
to have some elongation although the regenerate was very 
small. The other regenerate was stopped at Stage IV. 
Using higher concentrations of vinblastine (4.4 x TOmC M 
and 4.4 x Om lM) there was no elongation and very few de- 
pigmented cells were present. 

Due to its damaging effects few other experiments 
were performed with vinblastine,for the few that were a 


v M was used to insure inhibition of 


dosemo sad: 4a 0m 
elongation. Figure 17 illustrates a few vinblastine 


treated regenerates. 
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Figure 17 


Micrographs of Control and Vinblastine Treated 
Regenerates Incubated for 1 Day tn vttro 
and 15 Days tn vivo 


aps Ato tager x "“COneLoMmmetreated mii Smeal > 


b - A very early stage vinblastine treated regenerate. 
Very little depigmentation has taken place (arrow). 


ere BL AbS 


c - A vinblastine treated iris. The regenerate (arrow) 
is very diffuse and it is questionable whether or 


not any elongation has taken place. x 250 


ae 
ve A wery rq 


sae 


o © A @i ait 44 ” 7 . » 
ig Fer* 
“pot es) 


nah poaRs _ 7 oy 


coe 


108 


(b) Most Sensitive Stage 

These experiments were attempted in order to deter- 
mine whether vinblastine was inhibitory to the same stages 
Of regeneration asicolchicine., ~As Gan be seen from the 
data in Table X the effects of the drug were so drastic 
that an estimate of the most sensitive stage could not be 
made. However the 6 day regenerate that was observed 


showed inhibition of depigmentation and elongation. 


E. Effects Due to Cytochalasin B 
(a) Most Sensitive Stage 

These experiments were undertaken to see if cyto- 
chalasin B had any effect on cell elongation. Colchicine 
presumably affects the microtubule system and cytochalasin 
B supposedly affects microfilaments. Therefore it was im- 
portant to find out if either system or both are involved 
in elongation. Results presented in Table XI indicate 
that cytochalasin B has no observable inhibitory effect 
on any stage of regeneration. Similarly, DMSO has no ob- 
servable inhibitory effect. Eigures 18 and 19 compare 
cytochalasin B, DMSO, colchicinefand*control effects for 
10 and 15 day regenerates. As can be seen in Figure 18 
control, cytochalasin B, and DMSO treated irises all show 
elongation, organized lentoid formation and similar stages 
of regeneration. Cytochalasin B treated regenerates did 
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Figure 18 
Micrographs of 15 day Regenerate Irises Treated for 
LeDay invtcro, and 15" Days 7m vivo 


Aue Stage 1x DMSO; treated iris. x) 125 


Be=sotvages Ux cytochalasinge irises xel25 
Ca—sotages Vil lmcy LOchalasingehetleatedms 1c mmrxaele 5 


All of these regenerates demonstrate cell elonga- 


tion and advanced stages of regeneration. 
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Pigure 19 
Micrographs of 10 Day Regenerate Irises Incubated 
LOL ML eDAyetievTeTyO andy Lom Da ysutiEuLuO 
- A Stage VII cytochalasin B treated iris. x 125 


— HA Stage -fxucytochalasin Batreatcdei rice xXml2o 


~WASSLAGC Vi WieCcOltLy OlmerrL Ss mmx mL 2 


A colchicine treated iris - Stage V - no elongation 
appears to be present. A lentoid from the host (arrow) 


Shows elongation. x 125 
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Ze Htectron Microscopy 


Rather than do a detailed electron microscope 
study of the different stages of regeneration, I concen- 
trated on 15 day regenerates, the most colchicine 
SeusSttive stage. Sl confined my study) to twortypesros 
cells; cells involved in the process of depigmentation 
and depigmented cells involved in elongation. The 
former also appear to be elongating because they are 


sloughing off cytoplasm at bothvends, cf@thecelal, 


Awe CODELOLS 

Depigmented cells of 15 day regenerates were 
associated rather loosely in the lentoid. There were 
regions where the cells come close to one another; how- 
ever, there seemed to be a scarcity of cell junctions. 

A few desmosomes were observed between some cells. The 
cells appeared to have many extensions or processes 
which intertwined. 

The cytoplasm of these cells was rich in mito- 
chondria , ribosomes, and profiles of rough endoplasmic 
reticulum. Microtubules and microfilaments were also 
apparent in most of the cells. Microtubules were for 
the most part paraxial to elongation; however, some were 
observed running perpendicular to the axis of elongation. 


There seemed to be three general areas that the microtu- 


bules were found in: 


1s 


i 


airpnick ict rdyoeke wt Ragninieg seq tem aS9 | 
moltogibls te whut, ot oF sauenihmeney osknays beret. : 
ais, S06: toe seman. hae vin St Be ee . 


(a) in arrays just below the cell membrane (re- 
Pecrecmelogasesub-surtace microtubules); a(b)etairly 
close to the nuclear membrane (referred to as peri- 
nuclear microtubules), and (c) in the intermediate 
cytoplasm (referred to as intermediate microtubules). 
It was difficult to ascertain any orientation for the 


microfilaments. See EAgures: 20.) 21, and, 22. 
Bee Colchicine 


The organization and Suse appearance of the 
cells was the same as for the control treated cells. 
The cells were loosely associated and had many exten- 
Sions. Colchicine treated cells were fixed immediately 
after treatment and in some cases 3 days after treat- 
ment. There did not appear to be any differences in 
ultrastructure between regenerates fixed at these 
times after treatment. There were no microtubules 
apparent in any areas of the cytoplasm although there 
were a few structures that looked like remnants of 
Microtubules. Microfilaments were still visible in the 


cytoplasm. See Figures 23 and 24. 


(Sy Cytochalasin B 


Celilsewerercimiular co CnemcOnerolLs vine over-all 


appearance and organization . The cytoplasm oL thescelis 


contained microtubules in the same three areas as the 
controls. There did not appear to be any microfila= 


ments present. See Figure 25. 
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Figure 20 


Electronmicrographs of a section of Control Treated 


15 Day Regenerate Irises 


A - A low magnification view of a section from the lentoid 
region of a 15 day regenerate . Notice the loose reiat-— 
ionship between the cells . Also note the extensions 


visible on some of the cells ( arrows) . x 4,000 


B - An area of an iris epithelial cell showing two of the 
three levels of microtubules - the subsurface array 
- smt , and the intermediate microtubules Imt . 


x 40,000 


Figure 21 
Electronms crographs, Of Sections, ofsGontrol Treated 


15 Day Regenerate Irises 


A- A section of a depigmented cell from the lentoid 
region . Sub-surface microtubules are visible in 
longitudinal and cross section - smt. Microfilaments 


are also visible just below the surface (F). x 40,000 


B = A section of a depiomenting cell fromeae. >sdaay 
negenerate = Microtubules ea (Me) arcavici Dlemrulna ng 


Dardltelecoltniem longmaxivsmome tae eco] lr mex el e0 C0 


C - An enlargement of (b) showing more details of the 


Mucrotubuless— (MC) ewe xo 0000 


Figure 22 
Electronmicrographs of Sections o£ Control Treated 


15 Day Regenerate Irises 


A - A section of a cell from the lentoid region of a 
15 day regenerate . Note the sub-surface microtubules 


— smt 7), and the ‘desmosome ( °D) )y sw ex55,000 


B - A section of a depigmentea cell from the lentoid 
region illustrating the deepest layers of microtubules 
running parailel to the nucleus - perinuclear micro- 
tubules -. nmt . There are also cross-sections of 
microtubules visible in the intermediate and sub- 


surface regions . x 40,900 


. 
1 cad 
a ieee 


7 a nan 


Figurer2o 


Electronmicrographs of Sections of 15 Day 
Regenerate Irises Treated for 24 Hours 


With Colchicine 


A and B - Notice the absence of microtubules from 
all three regions of the cytoplasm . Also 
note that cell extensions are still present (E) 


x 40,000 


Figure 24 


Electronmicrographs of Sections of 15 Day 
Regenerate Irises Treated for 24 Hours with 


Colchicine 


A and B - Note the absence of microtubules in the 
various regions of the cytoplasm . In a few 
places there appear to be very short remnants 
Of microtubuless (RR je. MicrofLilaments (FF) are 


present . x 40,000 
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Figure 25 


Electronmicrographs of Sections of 15° Day 
Regenerate Irises Treated for 24 Hours 


With? 5sug/7miacytochalasin . 


A and B - There do not appear to be any microfilaments 
present in these sections ; however, note 
that there are abundant microtubules in 
longitudinalwands CLOSS=SECt1LOne ns ATDOLes@ in 
the nuclear membrane is visible in B - Np . 


A=) x 77,000 oe eee Oo 0 
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D. Vinblastine 


The purpose of this experiment was to determine if 
typical microtubule crystals could be identified in the 
cytoplasm of regenerates after treatment with vinblastine. 
Vinblastine has been used to precipitate microtubule 
protein tn vitro and in vivo in several systems. (Bensch 
and Malawista 1968; Wilson et al 1970; and Bensch et @ 
1969 )r 

In all of these systems it has been found fines Micro - 
tubule protein forms characteristic crystals under the 
influence of vinblastine. When 15 day regenerates treated 
with vinblastine were examined under the electronmicroscope 
many characteristic crystals were found in the cytoplasm of 
both depigmented and depigmenting cells. See Figure 26. 
Treated regenerates fixed 3 days after vinblastine treat- 
ment were also observed under the electronmicroscope. In 
these regenerates the crystalline structure appeared 
diffuse around the periphery and I interpreted this as 


evidence of the beginning of dissolution of the crystals. 


Adult Newt Lens 


Adult lenses were very difficult to section; however, 
I was able to obtain a few sections. No intercellular 
space was evident between the cells. Many interdigita-— 


tions were visible similar to those described by Kuwabara 


(1968) in human lens. Microtubules and microfilaments 
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Figure 26 


Electronmicrographs of Sections o£ 15" Day 
Regenerate Irises Treated with Vinblastine 


ForeZ4> Hours 


A- A typical vinblastine. crystal in cross*section 


(Vi) ers Sp resent ye xo 0 00 


B - A vinblastine crystal sectioned partially in an 
oblique plane (OV) and ina longitudinal plane 


CV) pec G5 C010) 


were the only recognizable organelles in the cytoplasm. 


See Figure 27. 
3. Cell Electrophoresis 


Colchicine has been shown to have an effect on 
cell surface mediated functions, presumably also micro- 
tubule dependent. Results from several investigators 
indicate that disruption of microtubules with colchicine 
or vinblastine has an effect on the distribution of 
certain specific sites on the cell surface (Ukena and 
Berl tml? 2savanara, and edeimany O72, 6.97 5)-e es thesgenerad: 
purpose of these experiments was to determine whether 
colchicine treatment affects the appearance of certain 
cell surface-.groups in the regenerating iris. It has been 
shown by Zalik and Scott (1972) that during regeneration 
various surface components which are sensitive to specific 
enzymes are present, these groups disappear during dediff- 
erentiation and then reappear at the onset of redifferen- 
tiation. Neuraminidase sensitive groups that are present 
in normal iris and early stage regenerates, totally 


disappear from the cell surface by ten days after lentec- 


tomy when dedifferentiation is completed, and then reappear 


at or after 15 days after lentectomy. It was of interest 
to determine whether colchicine treatment would delay or 
alter the sequence of appearance of neuraminidase sensi- 


tive groups. Culture experiments already described have 
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Electronmicrographs of Sections of Adult Newt Lens 


A and B - Both of these sections were taken from the 
outer regionmef the central core of the lens; 
Microtubules (Mt) and microfilaments (F) are 
present . Interdigitations (I) are very 
abundant between the cells . Note that the 
microtubules seem to run into the membrane of 


two adjacent cells. WA x 40 7000K Sexe20,000 


3S 


shown that colchicine treatment of 15 day regenerate irises 
inhibits or slows down elongation and subsequent rediffer- 
entiation. It would be useful to see if colchicine treat- 
ment also slows down the apparent return to the differen- 
‘tiated condition which is evidenced by the re-acquisition 
of neuraminidase sensitive groups. The decrease in the 
electrophoretic mobilities of cells, induced by neuraminid- 
ase treatment, gives an indication of the presence of 


groups sensitive to this enzyme at the cell periphery. 


A. Appearance of Neuraminidase Sensitivity 


The first series of experiments were done to confirm 
the reappearance of neuraminidase sensitive groups. In 
addition, owanted to determine 1f these are. would 
remain in the cells after 24 hours in culture. Table 
XII and Figure 28 show the results of these experiments. 
It appears that the neuraminidase effect starts to re- 
appear in a 16 day (plus one day in vtvo incubation) 
regenerate and that the response is definitely apparent 


in 17 day (plus one day tn vivo incubation) regenerates 


cultured for 24 hours. 


B. Length of Incubation Perlod inecthe sve 
It was estimated that a 14 or 15 day regenerate 
iris would be the best stage to test for colchicine 


sensitivity of membrane marker appearance since these are 
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Table XEL 


Appearance of Neuraminidase Sensitivity 


EPM Saline - electrophoretic mobility expressed 
Inwi/Sec/ VOLty CMeOpeune  Ceulsmrroneuriscess I ncubatea 
for 24,nours"in e€onerol medium. | bDissocrarced=colls 


were incubated with saline followed by EPM determin- 


atzon. 
EPM Neuraminidase - electrophoretic mobility expres- 
sed in p/sec/volt/cm. Irises were incubated for 


24 hours in control medium and dissociated cells were 
treated with neuraminidase followed by EPM determin- 
auLone 

Significance was determined by a paired T-Test. 

There was no significant difference where no figure 
appears in the Cable. VA walue or 201) ore lessswas 


accepted as indicating significance. 


( The actual age of the regenerate is the age 
appearing in the column- Age of Regenerate , plus 


iedaystorsi7e Vivo) Incubatlon.) 
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Figure 28 


Graph of the Difference in EPM between Saline 
and Neuraminidase Treated Cells versus the Age 


of the Regenerate 


The arrow indicates the usual difference in 
EPM that will give a significant value when the 


data are analyzed with a paired T-Test . 
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the ages when surface markers are likely being produced. 
As mentioned previously these groups have appeared on the 
surface by 16-17 days postlentectomy. It was necessary 

to incubate the irises in vivo to allow the groups time to 
re-appear, therefore this experiment was undertaken to 
find out how long to incubate the irises in vivo. The 
results for this experiment are summarized in Table XIII. 
It appears from these experiments that colchicine affects. 
the re-acquisition of neuraminidase sensitive groups in 

14 day regenerates cultured for 4 days in vtvo. Two days 
seem too short an interval--the neuraminidase effect is 
not always developed in regenerates at this age (total 

age 17 - a 14 day regenerate plus 24 hours tn vittro incu- 
bationepluse: days tn) vive). »Six andgezgqnt dayseare! prob; 
ably a rather long interval to incubate the iris, since it 
is possible that recovery from colchicine is already 
occurringsand theineuraminidase eLfectystarts to appear at 


the cell surface. 
C. Sensitive Period of Regeneration 


These experiments were undertaken in order to 
determine if there was a period of regeneration during 
which the re-appearance of cell markers (in this case 
neuraminidase sensitive groups) could be inhibited by 


colchicine treatment. Regenerates at 8 to 21 days after 
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lentectomy were cultured for one day in the presence 


Or absence of colchicine and then were subsequently 
cultured tn vivo for 4 days. Results (Table XIV) indi- 
Cate that the majority of cells from 14 and 15) day 
regenerates treated with colchicine do not undergo a 
significant decrease in mobility after neuraminidase 
treatments while the mobility of the controls is signi- 
ficantly decreased by this enzyme. Figures 29 and 30 
illustrate representative histograms from some of these 
experiments. 

Results obtained with 8 and 10 day regenerates 
were unexpected because the total age of the irises at 
the time of estimation of electrophoretic mobility was 
13 and 15 days respectively; ages at which the neura- 
minidase effect should not be present in controls, let 
alone in colchicine treated cells. The significance of 
this remains to be investigated. By 16 days control 
and colchicine treated regenerate cells possess neuram-— 
inidase sensitive groups at their surfaces, therefore 
there is no inhibition and colchicine can apparently 
not remove groups that have already appeared. 


Only one experiment was performed using vinblastine 


in the incubation medium. It appears that a fourteen day 
regenerate is also subject to inhibition of the appearance 


of neuraminidase sensitive groups by vinblastine. 
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Table XIV. Sensitivity of Various Age 
Regenerates to the Inhibition 
of the Appearance of the 
Neuraminidase Effect by 


Colchicine. 


T-Test - a paired T-test was performed 

to test for significance. Where a line 
appears there was no Significant differ- 
ence. A value of .01 or lower indicated 
Significance. Especially with the 
colchicine treated regenerates values of 
EPM's for neuraminidase and saline treated 
cells appeared to be significant but the 
T-test indicated that there was no signif- 
icance. The arrow indicates one such case. 
In these cases the histograms appeared 
Similar and did not show the spread evident 
in Figure 29. 

Colchicine inhibited the neuraminidase 
response if there is a non-significant Ttest 
in the colchicine column and a significant 


T-test in the control column. 
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Figure 29 


Histograms of Mobility of Control Treated Iris 


Cells after Neuraminadase or Saline Treatment 


Neuraminidase treatment tends to slow down cells 
that have neuraminidase sensitive groups on their 
surface , resulting in a histogram that is spread 
OUcars 

EBM, electrophoretic mobility, as calculated) by 
dividing a constant for the machine by the average 
time it takes a cell to travel 45 pin an electrical 
field . The average is taken for twenty readings 


on a sample of cells. 
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Figure 30 


Histograms of mobility of Colchicine Treated 
Iris Cells after Neuraminidase or Saline 


Treatment 


In this case colchicine inhibited the appearance 
of neuraminidase sensitive groups on the surface , 
therefore the histogram for neuraminidase treatment 
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DISCUSSION 


ee Culture Conditions 


Irises were removed from the eyes of previously 
lentectomized newts, were trimmed and separated from the 
cornea and then cultured for) 24 hours an medium olussor 
minus various drugs. The irises were then washed in fresh 
medium and implanted in freshly lentectomized host newts 
for varying time periods. This method may seem like a 
rather complex way of treating a tissue with a drug; 
however, it has several advantages which I feel outweigh 
its disadvantages. First, it allows for a precise 
measure of the drug directly affecting the tissue being 
studied. Second, the drug only affects the tissue being 
studied and can not interfere with the metabolism of 
the whole animal. Third , the exoosure time to 
the drug can be controlled. Fourth, tn vivo conditions 
are maintained for the most part of the experiment. The 
Mainecisadvantage. of this method is thar thesiriseis 
subject to some degree of mechanical damage from manipu- 
lations. This drawback can be overcome by estimating 
how much retardation is experienced by control treated 
irises and then considering that the drug treated irises 
would have the same amount of retardation due to experi- 
mental conditions as controls and that any further 


retardation was due to drug treatment. The retardation 
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experienced by the controls was referred to as intrinsic 
retardation, and as can be seen in the results, the 

older the regenerating iris was when manipulated, the 
Greater the intrinsic: retardation. «This isto be 

expected, because as the newly forming regenerate develops 
and forms a lentoid it is very fragile and is more sus- 
ceptible to mechanical damage. Since both the drug treated 
and control irises were handled in the same manner, it was 
assumed that they would experience similar levels of 
retardation due to manipulation. 

The method used for determining the intrinsic 
retardation and drug retardation was rather unique and 
perhaps warrants further discussion. As previously 
mentioned several investigators have studied normal 
Sequences of regeneration inedifflerent species of newts. 
This study uses Yamada's characterizations of Sato's 
stages. Specific stages of regeneration have been shown 
to occur at various intervals of time after lentectomy. 
The stages can be identified by certain criteria; such as 
degree of depigmentation, presence or absence of elonga- 
tion and lens fiber cells, and the size and shape of the 
lentoid. By observing an iris that has been prepared 
for light microscopy and examining the above features LG 
is possible to estimate what stage of regeneration it has 
reached. Once the stage is known, it is possible to 


estimate the time period at which this stage occurs. 
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Therefore, to calculate if any retardation was experienced 
by my regenerates; the treated irises were cultured 

tn vtvo for varying periods of time and then prepared for 
light microscopy and staged according to the criteria for 
normally developing regenerates. The usual age of the 
observed stage was assessed and compared with the actual 
age of the iris to see if any retardation had taken 


place. All treated irises were evaluated in this manner. 
BeescoLchiecine 


Colchicine has been known to man as a drug 
with miraculous powers for over 2,000 years. Ancient 
Egyptians, Greeks, and Hindus used Colchtcum corms, seeds, 
and flowers for curing gout and rheumatism. Between 
1938 - 1942 a great deal of literature was published on 
colchicine'’s ability to cause a "veritable explosion” of 
Mycoses. (hi gSte and Dustin 2955) Early aworkers. on 
mitosis were able to observe that the continuous fibers 
of the mitotic apparatus were suppressed by colchicine 
(Peters 1946) but no one seemed to know how colchicine 
acted and how it arrested mitosis. Inoue (1952) by means 
of a study of birefringence in the spindle of dividing 
cells of Chaetopterus pergamentaceous ., a marine annelid 
Worm DrOpoOsed= thatecolchicine: likely functioned by 
"breaking down some chemical bond in or in between 
spindle micelles and simultaneously causing some of the 


remaining micelles to contract as well as further 
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breaking down the linkage between them." More recent work 
(Borisy and Taylor 1967a and b, and Weisenberg, et al 1968) 
has shown that the binding site of colchicine is situated on 
a protein which has a sedimentation constant of 6S. This 
proteinvis thought.to be aymicrotubular sub-unit which ds 
notonly present in the mitotic apparatus but also in the 
cytoplasm of the cell tin interphase. . It<is generally accep= 
ted that colchicine binds to microtubular sub-units and 

that generally "slow morphogenetic movements that involve 
mMicrotubular polymerization tend to be colchicine sensitive." 
(Margulis 1973). Early workers thought colchicine had many 
non-specific side effects unrelated to mitotic arrest such 
as paralysis of the central nervous system, vomiting, and 
diarrhea ; however, present knowledge has shown that 
although these effects are often not due to mitotic arrest, 
they are due to a specific reaction of colchicine with 
microtubules. Colchicine is, however, still thought to 

have some effects not associated with microtubular func- 
tion. Mizel and Wilson (1972) have shown that both col- 
chicine and lumicolchicine (the latter a colchicine 
derivative with no anti-mitotic properties), are capable 

of inhibiting the uptake of nucleosides in mammalian 

cells. Nevertheless, colchicine is readily accepted as 


a specific inhibitor of functions involving microtubular 


assembly. 
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1. Dose Response 


The effective doses found in these experiments, 2.5 


-5 re 
x 10 —*)).25°x°10=2em> generally agreed with doses used 


by*other investigators in the field (Piatigorsky 1972a, 
Pearce and Zwann 1970, Karfunkel 1970). The dose used 
LOLethesremainder ¥of “the experiments, 2.59 L0=> M did 

not show any apparent damaging effects on the cells, since 
regenerates proceeded further in depigmentation and were 
able to recover after appropriate time intervals of tn vtvo 


incubation. 
Zo ein evivo Incubation Time 


Colchicine effects are immediately evident if 
the 15 day treated regenerates are fixed and observed 
with the electron microscope; no microtubules are evi- 
dent in the cytoplasm. If irises are fixed and observed 
under the light microscope immediately after drug treat- 
ment there are no apparent differences between colchicine 
and control treated irises. However, if the irises are 
implanted in a lentectomized host and cultured tn vtvo 
it is possible to.see,that colchicine has an effect on 
subsequent elongation. 

Experiments on the most effective * vivo incuba- 


tion time indicate that 15 day inises incubated stor 15days 


show the most retardation due to colchicine. why? It is 
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possible that for shorter PeriodsNof aneubat ion that. tne 
iris is still recovering from intrinsic retardation due 

to operational and culture conditions and colchicine re- 
tardation is not as apparent. Since a 15 day regenerate 
incubated for 5 days reaches stage V as does one incubated 
for 15 days, it might be assumed that the cells are blocked 
for at least 10 days at stage V; the Stage. where elongation 
is commencing. Colchicine regenerates incubated for 20 
days tn vivo begin to show evidence of some cell elongation. 
This argues against irreversible non-specific damage of 
this system by the conditions of drug treatment. My experi- 
ments suggest that there is a process occurring in a 

stage V regenerate that colchicine pre-treatment can block 
formate beastel0 daysa Anecnivuevo mincubationetame. Of615 
days seems to allow the most differences between control 


and colchicine treated regenerates to develop 


3. Most Sensitive Stage 


There are several processes involved in Wolffian 
lens regeneration that might be sensitive to colchicine 
inhibition: mitosis; depigmentation; and elongation. 
Mitosis is unquestionably sensitive to colchicine; how- 
ever, is interference with mitosis great enough to 
account for the retardation observed in this system? 
Yamada and Roesel (1971) have shown that there are two 


peaks of mitosis during lens regeneration; one at 7 days 
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and one at 15 days postlentectomy.. elt. inhibition of 
mitosis is responsible for most of the retardation 
experienced by regenerating irises, then there should 
be similar retardation times experienced by 7 and 15 
day regenerates treated with colchicine . As can be 
seen in Figure 9, 15 day regenerates experience more 
retardation than do 7 day regenerates. Since there is. 
an increase in retardation after 6 days postlentectomy 
tt 2S possible that toa Certain extent, some of this 
Betardatvon may in part be due Lo ianhtpitrom of micosis. 
Pigment migration has been shown to involve micro- 
tubule integrity in other systems; Fundulus (Bikle et al 
1966) and frog skin (Malawista 1965 and 1971).° For 
these systems it was suggested that microtubules may 
define the channels and provide the motive force for 
pigment migration. It is quite possible that pigment 
Migration with subsequent depigmentation, also involves 
intact microtubules in this system. Depigmentation 
usually commences at day 6 postlentectomy and continues 
through to day 9-15. Regenerates treated during these 
stages do not seem to show any inhibition of depigment- 
ation since a large fraction of the cells making up the 
regenerate appear to be depigmented. Since there “are 
more depigmented cells in a colchicine treated implant 


after 15 days in vivo culture than there were at the 
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time of treatment, it can be assumed that, at least, 
some depigmentation took place after colchicine treatment. 
Several workers have suggested that microtubules 
are involved in elongation (Piatigorsky et @! 1972a,b,c, 
Burnside 1971, and Arnold 1966). It is logical to con-= 
sider that microtubules might be involved in cellular 
elongation during Wolffian lens regeneration also. The 
depigmented iris cells generally start to show signs of 
elongation at, or after 15 days» postlentectony ase tneretore 
it would be expected that regenerates treated with col- 
chicine at 15 days postlentectomy would be retarded if 
microtubules are involved in cell elongation. Figure 9 
NObsMOnLy Snows retardation fLorecreated a! osday es regener 
ates, it also indicates that there is more retardation 
for irises treated at 15 days than for any other age 
treated. This alone would seem to indicate that micro- 
tubules are probably involved in important processes 
that occur at 15 days postlentectomy. Observation of 
the 15 day treated irises indicates that even after 15 
days in vivo culture the cells still show no elongation. 
In addition to this, irises treated at earlier stages 
develop up to about a 15 day regenerate stageyarrested, 
and are then without any evidence of elongation. Thus 
irises treated with colchicine before or at the onset 
of elongation are unable to elongate and form lens fibers 


even after 15 days of in vivo incubation. Although 
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irises treated at 20 days postlentectomy still show 
retardation, they show some evidence of lens fiber 
formation. At this stage some cells would have already 
elongated while others would still be undergoing the 
process of elongation. The presence of some elongated 
cells in colchicine treated 20 day regenerates indi- 
cates that once elongation has taken place it can not be 
reversed by colchicine. These results agree with those 
reported by Pearce and Zwann (1970) in the embryonic 
chicken lens which showed that colcemid can not reverse 
elongation once it has occurred. 

There is some degree of colchicine induced retard- 
ation experienced in regenerates at 5 days postlentectomy 
or after. Since there is a peak of mitosis at 7 days, 
much of the retardation of early stages may be due to mito- 
tic arrest. However, the cells can not be retarded in 
mitosis for very long periods of time since in order to 
reach stage V a degree of mitosis and depigmentation 
should occur. In summary these results indicate that: 

1) elongation is either appreciably retarded or inhibited 
by colchicine treatment; 2) a 15 day postlentectomy 
regenerate is most sensitive to colchicine treatment 
since it experiences the most retardation; and 3) ave 
appears that once elongation has taken place it can not 


be reversed by colchicine treatment. 
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4. Autoradiography 


The autoradiographic studies performed on 15 
day regenerates indicated that colchicine treatment did 
not cause an appreciable inhibition of incorporation of 
3H-thymidine and ene aenee Inhibition of nucleoside 
uptake is one of the non-mitotic actions of colchicine 
in some systems (Mizel and Wilson 1972). Therefore 
colchicine effects on cell elongation were not due to 
this non-mitotic effect 

In this system the data on 3H-leucine incorporation 
into protein are very interesting because they not only 
give an index of protein synthesis, but they also allow 
one to roughly determine when crystallin synthesis is 
beginning. Yamada and Takata (1963) have shown that the 
onset of crystallin synthesis , coincides with a sharp 
increase in’ incorporation of amino’ acid into’ protein, 
observable by autoradiography. A reasonable estimate of 
the onset of crystallin synthesis in my system can be 
made by observing the levels of 34-leucine incorporation 
at various times postlentectomy. Considering the data 
obtained from control cultured regenerates it appears 
that increased protein synthesis occurs first in a few 
cells of the regenerate, this agrees with the data of 


Takata et al (1964) who used fluorescent antibodies to 


detect appearance of lens specific protein. In my 
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system the increase in protein synthesis was first apparent 
ata total age of 21 days post-lentectomy. Yamada and 
Takata (1963) observed this increase between 9-15 days 
postlentectomy. Therefore it appears that my system is 
showing a retardation of between 6 and 11 days relative 
to the secondary enhancement of protein synthesis. These 
data are in agreement with the calculated intrinsic 
retardation of 8 days for a 10 day regenerate and 11 
days for a 15 day regenerate. The data obtained on 
colchicine treated regenerates are quite different; 
although there is an increase in protein synthesis it is 
a more gradual increase and it never reaches the magni- 
tude of the increase for the controls. The onset of the 
increase for colchicine treated regenerates is 

further delayed 5 days when compared with the controls. 
This delay is comparable to the 5 day delay calculated 
for colchicine treated regenerates using the staging 


method of comparing actual age with apparent age. 
5. Immunofluorescence Studies 


Regenerates 15 days after lentectomy, were incu- 
bated 15 days in vivo and then processed for fluorescent 
antibody staining. Controls showed well formed lentoids 
which fluoresced very brightly in all areas of the lent- 


oid. There was fluorescence in the lens epithelium 
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although it was less intense than that in the fiber 
GellmmassteeThe oe iWevercenays incorporation data indi- 
cate that there is a great increase in protein 
Synthesis occurring. This is presumably associated 
with the synthesis of lens specific proteins. The 
bright fluorescence of the controls substantiates the 
idea that this increase in protein synthesis is due 
EOmEnhe appearancejof crystalins;, thes lenss specific 
proteins. Examination of colchicine treated regener- 
ates stained with fluorescent antibodies showed 

da Bferent. resultss from the.controls « Outs, of, three 
regenerates studied, none showed any fluorescence 
comparable to the controls. One had a few very small 
bright regions of fluorescence which were Teeured 

in the interior of the depigmented cell mass. The 
other two showed no fluorescence. 7H leucine incor=- 
poration. in» colchicine treated regenerates, indicated 
that there was a delayed increase in protein synthesis 
that never reached the magnitude of the control 
increase. The increase in 3y-leucine incorporation had 
occurred by the age of the regenerates tested for 
immunofluorescence. There are two possibilities as to 
why this increase was not reflected ina production of 
lens specific proteins detectable by immunofluorescence: 
a) the level of the lens specific proteins was not high 


enough to be detected by the fluorescent antibody method, 
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although this method is usually very sensitive; b) it is 
possible that esiiet esha is incorporated into proteins 
which are non-lens specific. Piatigorsky et al (1972b) 
have shown that de novo synthesis of protein possibly 
microtubular protein is required for continued elonga- 
tion in cultured chick lens epithelium. According to 
these results; ,cells» which are unable, to-elongate are 
unable to synthesize detectable levels of lens specific 
proteins. These results are in agreement with those of 
Zwann (1975) who used mutant mice with lens defects. 

In his system lens fiber cells were unable to undergo 
elongation. He was able to show that in the absence 

of cell elongation the lens of these mutants will not 
produce any detectable levels of lens specific pro- 
teins. At the stage these regenerates were tested they 
were just beginning to overcome the block in elongation 
and it is possible that new microtubular protein had to 


be synthesized. 


6. Lumicolchicine 


Lumicolchicine treated regenerates appeared 
as control treated regenerates——there was no inhibi- 
tion of cell elongation. This suggests that any effect 
that colchicine is having is due to its affect on 
microtubules since lumicolchicine mimics colchicine 


except in its antimitotic properties. 
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C. Other Drug iveatmentcs 


use Vinblastine 

Vinblastine was used to confirm the results 
obtained with colchicine since it is known to precip- 
itate Microtubules into characteristic’ cryctals. 
ihe problem with vinblastine is that this cruq 1s not 
G@SeSVeCciiic fas Colchicine and 1. functions dit terencly.< 
DEyprecipitates mMicrotubulear protein into erystal 
lattices, whereas colchicine does not precipitate the 
mMicrotubular protein; it binds with unbound monomer 
tubulin sub-units making it impossible for them to he 
polymerized as a microtubule. Moreover, vinblastine 
has also been reported to precipitate other cytoplas-— 
Mic structival proteins (Wilson e7 ¢@, 19/0) and 
ribosomes (Krishan and Hsu 1971). As mentioned, 
characteristic microtubular lattices were observed 
under the electron microscope in cells of 15 day 
regenerates treated with vinblastine. These results 


indicate that a sizeable population of microtubules 


is present in the cells of 15 day regenerates. However, 


cells after vinblastine treatment did not appear 
healthy, therefore experiments parallel to those with 


colchicine gave inconclusive results. 
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2. Cytochalasin B 


Cytochalasin B has been reported to act by 
disrupting the microfilaments within the cytoplasm 
of cells ; nowever ,there has been a great deal of 
controversy over this hypothesized mechanism of 
aCttomas Cohn 2% a) (1972) Blueminken 19740. eand 
Goldman (1972) have all suggested that cytochalasin 
B may act independently of a microfilament system. 
Cohn et al (1972) and Bluemink (1971) have both 
suggested that cytochalasin B is having its primary 
effect on the cell membrane. Whether its primary or 
secondary effect is on the microfilament system I 
think that most investigators would agree that micro- 
filaments from the cytoplasm disappear after treatment 
Wiel cytochalasin B. In the system undersstudy 
cytochalasin B had no observable effects on elongation 
or regeneration regardless of the stage of regenerate. 
It is possible that microfilaments are not important 
in the processes that occur during regeneration in 
thisesvystem,) DUE 1t 1S also possible that processes 
involving microfilaments have a minor or transitory 
role in development. Microfilament disruption may 
interfere with regeneration very briefly and would 
thus not be observable in this system. Microfilaments 


have been shown to reappear very rapidly after 
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reappeared by 17 days postlentectomy. I found that 
colchicine inhibited the appearance of neuraminidase 
Sensitive groups only in 14 and 15 day regenerates 
cultured for 24 hours tn vitro and then for 4 days 

tn vivo. It can be seen from the results on incubation 
time in the eye that detection of this inhibition is 
very restricted in regards to the time of incubation 

the VEVO., lt, appears that colehtcine=inhibitron of the 
appearance of the neuraminidase sensitivity disappears 
if the iris is left much longer than 4 days 7” vivo , 

It is probable that there is a colchicine sensi- 
tive process in a 14 or 15 day regenerate that is 
responsible for the organization or possible insertion 
3 days later of surface groups that are sensitive to 
neuraminidase. As previously mentioned investigators 
working with lymphocytes have suggested that microtu- 
bules are possibly involved in membrane organization. 
The evidence,in my system, seems to indicate that a 
colchicine sensitive process, presumably microtubules, 
may be involved in the appearance of certain groups at 


the cell surface. 


F. Mechanisms of Lens Fiber Elongation chav caetake 


Lens Regenerating System 


There are several suggestions as to the mechanisms 


involved in changes in cell shape in differentiating 
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and distribution of lectin surface receptors on the 
cell membrane (Yahara and Edelman IES Aste Celcw a tkeh ey darict Mais ye 
Oliver et al 1974). Most of these workers suggest that 
the colchicine binding protein is microtubular protein. 
De Petris (1974) has suggested that both microfilaments 
and microtubules may be involved in the internal cellu- 
lar framework responsible for membrane movements. 
Wunderlichyer Zl (1973) havewinterpreted their results 
on the effects of colchicine on membranes of Tetrahymena 
pyrtformts differently from the interpretations of the 
above workers. They suggest that since colchicine is a 
lipophilic drug, it may dissolve in the apolar membrane 
regions and decrease the overall fluidity of the mem- 
brane by making membrane lipids more rigid. They based 
their interpretations on work with temperature induced 
changes observed in the freeze-fractured membranes. 

Work by Zalik and Scott (1972) on regenerating 
irises has shown that various surface components which 
are sensitive to specific enzymes are present in the 
normal iris cell; these groups disappear during dediffer- 
entiation and then reappear at the onset of redifferenta- 
tion. The possibility arose, that these phenomena might 
also be inhibited by colchicine. Results using cell 
electrophoresis on irises cultured for 24 hours in vttro 


showed that in my system neuraminidase sensitivity has 
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reappeared by 17 days postlentectomy. I found that 
colchicine inhibited the appearance of neuraminidase 
sensitive groups only in 14 and 15 day regenerates 
cultured for 24 hours’tn eet ro and? then =tor’ 4 days 

in vivo. It can be seen from the results on incubation 
timersini the ‘eye’ thats detectaon- of this inhibition is 
VeLyerestricted- in regards? to the’ timerof incubation 
THEVTVO, “It appears that colchicine inhiprtion of the 
appearance of the neuraminidase sensitivity disappears 
if ithes iris is’ left much’ longer than 4° days'tn vivo . 

It is probable that there is a colchicine sensi- 
tive process in a 14 or 15 day regenerate that is 
responsible for the organization or possible insertion 
3 days later of surface groups that are sensitive to 
neuraminidase. As previously mentioned investigators 
working with lymphocytes have suggested that microtu- 
bules are possibly involved in membrane organization. 
The evidence,in my system, seems to indicate that a 
colchicine sensitive process, presumably involving 
microtubules , mav be involved in the appearance of 


certain groups at the cell surface. 


fF. Mechanisms of Lens Piber Elongation anithe 
Lens Regenerating System 
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There are several suggestions as to the mechanisms 


involved in changes in cell shape in differentiating 
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systems. . Most investigators tend to agree with the 
suggestions that both microtubules and microfilaments 
are involved to varying degrees in cell elongation. 
Piatigorsky (1972b) working with cultured chick epithelia, 
found that initial stages of lens fiber elongation involve 
utilization of a pool of microtubule sub-units, continued 
elongation required de novo synthesis of protein, 
possibly microtubule protein. He also found, however, 
Chae cytochalasin B could inhtbit selongation sof cultured 
lens epithelial cells. Other workers have suggested that 
microtubules and microfilaments co-operate to cause 
Slongsactionsyivemadaser, 2.1971) ye. 

Some investigators suggest that microtubules are 
solely responsible for elongation. Burnside (1971) 
working in neural tube formation in the newt embryo 
suggested that microtubules may contribute to cell elong- 
ation by providing for a transport mechanism which would 
funnel cytoplasm components to the ends of the cell. 
They may also provide a cytoskeleton which would be 
involved in the stabilization of the asymmetrical cell 
shape. Two other possibilities were suggested. One 
possibility is the extension of microtubules by poly- 
merization which would Pa cahe in a "push" on the end of 
the cell. This mechanism would likely generate a force 


yy es 
in a manner similar to that proposed by Inoue and Sato 
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(1967). These investigators suggested that chromosome 
movement is the result of the labile association of 
microtubules (depolymerization of microtubules shortens 
the spindle fiber resulting in chromosome movement 
Towards the pole of thercell).. Therothers possibility 
involves the sliding of microtubules over one another 
which would also generate a force on the poles of the 


cell. Microfilaments which are found in the system 


would supposedly be responsible for the apical constric- 


tion of the invaginating cells of the neural tube. 

Some other mechanisms have been proposed to 
explain cellular elongation. Brown et al (1941) 
suggested that neurulation and accompanying cell aikernwiee: 
tion are a result of increased adhesiveness of cells of 
the presumptive neural tissue. More recently Zwann and 
Hendrix (1973) have suggested that cell and organ shape 


changes during early development of the occular lens are 
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division, anda (c) cellular adhesion. sin my system there 


is no limitation of area so that cell division could 


force cells to elongate because of limited space; however, 


I am interested in the idea that adhesion may be respon- 
sible for elongation. In my system, the cells that are 


beginning to elongate appear to have many extensions 


which intertwine with other cells. The cells are in very 
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loose contact with one another at this stage. Elongated 
cells in the adult newt lens are very closely apposed and 
have many interdigitations, therefore some mechanism has 
ETI IERE these .cel  siclocers fogethew alta es possablemtnat 
there is an increase in adhesion as cells elongate into 
fibers. This could result in contacts being established 
between the cells at points--possibly via the extensions. 
nese localized contacts: woudduincresace euimareagsosthat 
the cell Stretches,out aseitacontactas cela Sapar alle lsEto 
it. Cellular organelles such as microtubules could 
channel the cells to stretch in one direction and thereby 
elongate. 

Studies Ohesensai tiivitymetOseCOlchici iominhwos tongor whe 
appearance of neuraminidase sensitive groups at the cell 
surface showed that 14 and 15 day regenerates were sensi- 
tive to colchicine. Neuraminidase sensitive groups at 
the cell surface were the only ones tested for, and there 
is evidence to suggest that neuraminidase sensitive 
groups are involved in cell adhesion (Lloyd and Cook, 1974) 
It is quite possible that other cell surface groups which 
May or may not be involved in adhesion were also affected. 
Lackie (1974) has shown that colchicine can inhibit aggre- 
gation of polymorphonuclear leucocytes. In my system, 
colchicine could have inhibited the Sh tearaireWos surface 
groups affecting adhesion or it could have affected other 


groups which were already present at the cell surface. 
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Waddell et al (1974) have suggested 3 ways in which 
colchicine could affect adhesiveness: (a) by influencing 
the state of convolution of the cell surtace>. (b) by 
dispersing clusters of microtubule dependent adhesive 
Sites; and (c) by causing a loss of polarity in the 
insertion of new membrane. Since 14 and 15 day regener- 
Babes are sensitive to colchicine anhabitionsorr the 
appearance of neuraminidase sensitive groups on the 
surface and since 15 day regenerates are more sensitive 
CoO colchicine inhibition sof elongation, mits possible 
that new surface groups essential to, or involved in cell 
elongation are appearing or are being organized at this 
Scage. Electron microscope studies have shown that there 
is a sub-surface array of microtubules and these may be 
involved in’the organization or insertion of specialized 
Sites at the cell surface. Other microtubules deeper in 
the cytoplasm may contribute to elongation by some other 
means, such as: (a) forming a cytoskeleton which would 
support the change in cell shape; (b) directionally trans- 
porting materials ; or (c) providing a "push" at the ends 
ofethe cells: 

Cytochalasin B had no noticeable effect in my 
system, so I have not included microfilaments 1h eany Pou 
my theories of elongation as applied, to, tice cus Coca. 


erating system. However, these organelles are presen: 
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and may be involved separately or in co-operation 


with microtubules in bringing about cell elongation 
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SUMMARY 


in summary, the main points made in this thesis 
are as follows 

1. Regenerates treated with colchicine before 
or at the onset of cell elongation are inhibited from 
beginning or furthering cell elongation. 

2. Ultrastructural observations showed that 
microtubules are absent from cells of colchicine 
treated regenerates. 

3. Lumicolchicine, a derivative of colchicine 
with no antimitotic properties, had no effect on 
cellular elongation. 

4. The appearance of cell surface markers 
involves a colchicine sensitive process. 

So ecel ls in which cedsiularselongattoneis 
inhibited seem unable to synthesize lens specific 
proteins - the crystallins. 

These results suggest that microtubules may 
have an important role in the elongation and different- 


iation of lens fibers in the lens regenerating system. 
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